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Global humanitarian crises have resulted in the displacement of over 65.6 million people 
– of whom, 17.2 million refugees fall under the United Nations High Commissioner for Refugees 
(UNHCR) mandate. UNHCR provides necessities to refugees; however, budget constraints 
continue to result in unmet water and sanitation standards and low access to energy and fertilizer 
resources in camps and settlements. Innovative sanitation technologies that meet multiple needs 
(e.g., energy, fertilizer) provide an opportunity for UNHCR to achieve the standards for access to 
basic water, sanitation, and hygiene (WASH) while providing a financial incentive to sell or use 
recovered nutrients. The goal of this work was to understand how resource recovery sanitation 
can impact WASH costs in refugee settlements through a techno-economic analysis framework 
that incorporates site specific factors influencing decision-making. This objective is achieved by 
developing cost models of typical UNHCR water delivery, water storage, and sanitation 
technologies commonly employed in refugee settlements as well as a resource recovery 
sanitation technology (i.e., urine diverting dry toilet, UDDT). The cost models were applied to nine 
refugee settlements in Uganda by incorporating context-specific inputs such as settlement-level 
WASH coverage (e.g., refugees per latrine) and country-level material and labor costs. The costs 
of different WASH technologies were compared (i.e., material, construction labor, operation, and 
maintenance) and demonstrated material costs were the key contributor to total costs followed by 
operation and maintenance. Sanitation costs were then compared across technologies 
demonstrating that, through resource recovery, a UDDT may achieve lower life cycle costs than 
a pit latrine after four years of use. More broadly, this research develops a quantitative sustainable 
design process to better understand the tradeoffs involved in the provision of WASH interventions, 
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CHAPTER 1: INTRODUCTION 
Global humanitarian crises currently displace over 65.6 million people – of whom, 17.2 
million refugees fall under the United Nations High Commissioner for Refugees (UNHCR) 
mandate [1]. Developing regions, facing challenges surrounding limited resources and a growing 
influx of displaced persons, host 84% of these refugees [2]. Host countries turn to UNHCR to 
provide basic necessities for refugees; however, there is a large disparity between refugee 
program budgets and actual UNHCR funds [3]. Although UNHCR’s budget has more than doubled 
since 2010, funding constraints continue to limit access to safe water, sanitation, and productive 
resources (e.g., energy, agricultural fertilizers) in refugee camps and settlements [4,5]. 
Although access to safe water and sanitation is a universal right [6,7], insufficient access 
continues to exist globally [8], and national coverage averages mask subnational disparities in 
WASH coverage, often with lower access in marginalized and impoverished communities [9]. 
Though largely focused on non-emergency settings (i.e., life, rights, or well-being of refugees are 
no longer immediate threatened) [10], improved access to WASH has been observed to decrease 
health risks, reduce disease burdens, and increase economic well-being [11-14]. Refugee 
settlements are particularly distinctive, housing people from a variety of cultures and nationalities 
who are potentially unfamiliar with local customs and resources and who may have arrived with 
few or no belongings [15,16].  UNHCR seeks to meet refugee needs (e.g., replace essential 
belongings) and, specifically in Uganda, provides a plot of land for residential and agricultural 
purposes (the provision of land is uncommon and relatively unique compared to other host 
countries) [17]. Poor soil quality and limited access to nutrients (such as fertilizers) can inhibit 
productive cultivation of agriculture [18]. Sanitation technologies that incorporate resource 
recovery provide an opportunity to simultaneously address gaps in access to safe sanitation and 
agricultural inputs [19-22]. 
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Global cost-benefit analyses have been conducted as a tool to compare the 
implementation costs and expected benefits (e.g., disability adjusted life years averted) 
associated with various WASH technologies [23-25]. These studies provide a greater 
understanding of the magnitude of the problem globally; however, a generalizable and adaptable 
model is needed to account for the changing nature of crises (e.g., refugee populations, local 
resource availability) and settlement specific data for water demand and WASH coverage [26,27].  
Few studies focus on costing of services specifically used in a refugee context, and most do not 
consider resource recovery technologies (e.g., urine diverting dry toilets) and their potential 
nutrient benefits [27]. Moving away from conventional latrines toward sanitation technologies that 
incorporate resource recovery can generate many benefits in resource-limited settings; however, 
economic effects of resource recovery depend on the context and financing structure [28-30]. The 
unique needs and constraints of resource limited environments (e.g., materials available, skilled 
labor requirements) and locally relevant technologies (e.g., those already implemented by 
UNHCR) should be considered for each location [31]. Thus, this research develops an economic 
costing tool to evaluate conventional and resource recovery sanitation technologies implemented 
by UNHCR. This tool uniquely fills these research gaps around WASH technology financing: (1) 
by including context-specific inputs such as settlement-level WASH coverage and refugee 
populations and country-level material and labor costs, and (2) by moving beyond conventional 
sanitation (e.g., pit latrines) to evaluate the economic viability of resource recovery. 
The overarching goal of this work was to understand how resource recovery sanitation 
can impact WASH costs in refugee camps and settlements through a techno-economic analysis 
(TEA) framework. This objective is achieved by developing a cost model of conventional water 
and sanitation interventions commonly employed in refugee camps and settlements (e.g., 
tapstand, water storage tank, pour flush toilet) as well as resource recovery sanitation 
technologies (not currently implemented by UNHCR) in a Monte Carlo framework. The model was 
applied in nine refugee settlements in Uganda by exploring the potential use of each intervention: 
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(1) to calculate the additional cost necessary to close each settlement’s gap in water and 
sanitation access relative to UNHCR standards, and (2) to elucidate the sensitivity of economic 
impacts and the selection of interventions to uncertainties surrounding construction labor and unit 
costs. More broadly, this research develops a quantitative sustainable design (QSD) process to 
better understand the tradeoffs involved in the provision of conventional and innovative WASH 
interventions, applicable in refugee-focused contexts and development contexts more broadly. 
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CHAPTER 2: BACKGROUND 
2.1 A Global Focus 
2.1.1 Global Refugee Crisis 
Global humanitarian crises cause a critical threat to the health, safety, and well-being of a 
population; and the world is currently experiencing the highest displacement of people on record 
[1]. By the end of 2017, the total number of people forced from home increased to 65.6 million 
with 22.5 million people of concern categorized as refugees. Of the refugees, 17.2 million fall 
under the United Nations High Commissioner for Refugees (UNHCR) mandate (Table 2.1) [1].  
Table 2.1: Forcibly Displaced People Worldwide. 
Forcibly Displaced Population Global Total 
Refugees under UNHCR mandate 17,200,000 
Palestinian refugees registered by UNRWA 5,300,000 
Stateless people 10,000,000 
Internally displaced people 31,207,000 
Refugees resettled 189,300 
Total forcibly displaced population 65,600,000 
 
UNHCR (the United Nations refugee agency) was established in 1950 during the 
aftermath of World War II to help millions of Europeans that were forced to flee their home country 
or lost their homes [32]. The primary purpose of UNHCR is to safeguard the rights and well-being 
of the people forced to flee their homes due to crises [33]. UNHCR seeks to lead and coordinate 
action for the protection of refugees and resolution of global humanitarian crises [33]. In addition 
to the millions of refugees falling under the UNHCR mandate, UNHCR also helps stateless 
people, internally displaced persons, asylum-seekers, and returnees by providing protection, 
shelter, health, and education [34]. Asylum-seekers are individuals whose request for sanctuary 
has not been processed, usually because it is not possible to conduct interviews with each person 
crossing the border [34]. Internally displaced persons seek refuge in other parts of their home 
country [34]. Stateless people are not considered as a national by any state under the operation 
of its law (e.g., due to discrimination, emergence of new States, transfers between existing states, 
etc.), and returnees are people that have finally returned home [34]. UNHCR strives to ensure 
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everyone can seek asylum and find safe refuge in another state by working in 130 countries 
across the globe [1]. 
2.1.2 Refugees in the Least Developed Countries 
The burden of hosting refugees often falls on the least developed countries (LDCs) in the 
world, with four of the top five refugee hosting countries falling under this classification in 2015 
(Table 2.2) [1,35].  
Table 2.2: Top Refugee Hosting Countries in 2015 and LDC Classification. Host countries are ranked by 
the total number of refugees hosted in 2015. LDC categorized countries are bolded. Uganda is ranked as 
hosting the 8th highest number of refugees and is categorized as LDC [1] [35]. 
Rank Host Country 
Number of Refugees 
Hosted in 2015 
1 Turkey 2,500,000 
2 Pakistan 1,600,000 
3 Lebanon 1,100,000 
4 Islamic Republic of Iran 979,400 
5 Ethiopia 736,100 
6 Jordan 664,100 
7 Kenya 553,900 
8 Uganda 477,200 
9 Democratic Republic of Congo 383,100 
10 Chad  369,500 
 
LDCs are a group of countries classified by the United Nations (UN) as “least developed” 
based on a low gross national income (GNI), weak human assets, and a high degree of economic 
vulnerability [35]. GNI per capita can provide information about the overall resources available to 
a country and income status of its population. Low GNI per capita can reduce a country’s ability 
to support refugees due to financial and resource limitations. The human weakness indicator is 
based on the population’s nutrition, health, education, and adult literacy [35]. The human assets 
index (HAI) is used as a measure of human capital and if low, can indicate major structural 
inhibitions to development [35].  Economic vulnerability is estimated based on instability of exports 
of goods and services, instability in agricultural production, merchandise export concentration, 
and the limitations of the inability to achieve economies of scale (economic smallness) [35]. This 
indicator estimates an economy’s ability to cope with economic and environmental shocks [35].  
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Countries classified as LDCs may face more challenges than other countries to meet the 
needs of the large influxes of refugees. Many of these countries struggle to meet the needs of 
their own citizens (e.g., not meeting some of the Millennium Development Goals) and are 
expected to support refugees as well [36]. Additionally, afflicted and fragile countries typically 
have high poverty rates [36]. When comparing the number of refugees hosted to finances 
available (refugees per 1 USD GDP per capita), six of the top refugee hosting countries (based 
on finances) are classified as LDCs: (1) Democratic Republic of Congo, (2) Ethiopia, (4) Uganda, 
(5) Chad, (8) Afghanistan, and (9) Niger [1]. These countries face the challenge of providing for 
more refugees with less money available per person. These factors inherently limit a country’s 
ability to adequately provide the necessary support for refugee livelihood. As a result, cost-
effective and innovative solutions are necessary to meet the needs of refugees in these resource 
limited contexts. 
2.2 Refugee Settlements in Uganda 
2.2.1 Why Uganda? 
Uganda employs a unique hosting model that has the potential to set an example for the 
rest of the world. The Self-Reliance Strategy (SRS), employed through collaboration between the 
Government of Uganda and UNHCR, seeks to empower refugees and host communities such 
that they would be able to support themselves and to ensure integration of services for both 
groups of people [37]. Unlike in most camps across the globe, refugees in Ugandan settlements 
can work, set up businesses, and move freely throughout the country through a unique refugee 
management approach [37]. The model also allows refugees access to the same services as their 
host communities including healthcare and education [38]. Refugee sites in Uganda are called 
“settlements” instead of “camps” due to the unique nature of refugee mobility and are provided 
plots of land for farming, monthly food rations, and basic provisions [38]. Sites will be referred to 
as “settlements” throughout this report to make this distinction. Although refugees keep entering 
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Uganda at rapid rates, Uganda maintains an “open-door” policy and continues to offer refuge to 
people fleeing their homes [38]. 
Sub-Saharan Africa currently hosts more than 26 percent of the world’s refugee population 
with over 18 million people categorized as refugees under UNHCR’s mandate [39]. The number 
of refugees has rapidly increased in recent years due to ongoing humanitarian crises in South 
Sudan, Nigeria, and Central African Republic [39]. Because of these crises, an average of 1,800 
South Sudanese enter Uganda every day resulting in an estimated one million South Sudanese 
refugees total in Uganda in 2018 [39]. Although Uganda continues to abide by its “open door” 
policy, the drastic increases in refugees impact UNHCR’s and the government’s ability to deliver 
live-saving aid and basic services [39]. Because Uganda receives huge influxes in refugees and 
is becoming more constrained in its ability to offer support, solutions that are cost-effective and 
address multiple needs simultaneously should be considered to effectively meet the growing 
demands of refugee populations. 
2.2.2 UNHCR Standards in Settlements 
To protect and assist people of concern under their mandate, UNHCR abides by minimum 
standards and best practice to ensure planned settlements promote security and dignity in a 
healthy refugee environment (Table 2.3) [40]. In addition to set standards, UNHCR expresses 
that shelters should be adapted according to the specific climate, cultural practices, geographical 
context, and local availability of skills and construction materials in the host country [40]. These 
two development efforts together help UNHCR to adequately meet the needs of the growing 




Table 2.3: UNHCR Site Planning Standards. Standards are used to assess whether refugee needs are 
being met in settlements. The emergency standard is used at the initial phase of planning a settlement and 
the topics of further consideration are improvements suggested for long-term refugee stays [40]. 
Service or Infrastructure Emergency Standard Further Consideration 
Communal latrine 1 per 20 persons 
Separate areas for men and 
women; one household 
latrine per family 
Latrine distance 6-50 m 
Close enough to encourage 
use but far enough to prevent 
problems with smell/pests 
Shower 1 per 50 persons 
Separate, well-drained, 
shower areas for men and 
women 
Water supply 20 liters per person per day - 
Water tap stand 1 per 80 persons 1 per community 
Water distance Max 200 m from household 
3-minute walk from 
household 
Garbage container 1 per 50 persons 1 per 10 families 
Health center 1 per 20,000 persons 
1 per settlement with WASH 
facilities 
Referral hospital 1 per 200,000 persons 1 per 10 settlements 
School 1 per 5,000 persons 1 per sector, 3 classrooms 
Distribution center 1 per 5,000 persons 1 per sector 
Market place 1 per 20,000 persons 1 per settlement 
Feeding center 1 per 20,000 persons 1 per settlement 
Storage area 15-20 m2 per 100 persons Refugee storage 
 
Many settlements are established as temporary accommodations at the beginning of a 
refugee crisis; however, most locations are accommodating refugees for extended says long after 
the emergency phase [40,41]. As a result, what may be standard practice during an emergency 
in terms of shelter and provision of services cannot be regarded as adequate in a protracted or 
long-term displacement situation [40]. UNHCR works to continually improve access to services 
and infrastructure after the initial settlements are established. Improvements focus on moving 
from communal services to separate facilities for men and women and reducing the number of 
people using each service or infrastructure type (Table 2.3) [40]. To determine the current state 
of settlements, UNHCR relies on data collection through three main providers: governmental 
agencies, UNHCR field offices, and non-governmental organizations (NGOs) [42]. UNHCR also 
relies on frequent monitoring of settlements to determine which locations are meeting the 
standards and those that need additional resources to achieve these standards. Although UNHCR 
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seeks to provide services and necessities to refugees, access to the basic necessities of life still 
remains a challenge in refugee settlements across the globe. For example, 25 percent of sites do 
not meet the standard for refugees per latrine [2]. This study focuses on the meeting these un-
met UNHCR standards in refugee settlements in Uganda by evaluating different technology 
options and economic financing. 
2.2.3 Water and Sanitation Access and Implications 
Access to water and sanitation is viewed as a universal human right, and it is 
acknowledged that clean drinking water and sanitation are essential to lead a life in human dignity 
[43]. More specifically, everyone is entitled to safe, sufficient, physically accessible, affordable, 
and acceptable water [43]. This entitlement is especially relevant to refugees under the UNHCR 
mandate because they rely on UNHCR to meet their needs of access to water and sanitation. 
UNHCR faces challenges in providing sufficient access to WASH in refugee settlements in 
Uganda due to the rapid influxes of refugees. Many challenges arise from accommodating these 
refugee influxes without providing new infrastructure, such as the inability to meet UNHCR site 
planning standards (e.g., too many people per tap, not enough water available, and not enough 
latrines) [5]. Providing WASH interventions in these contexts requires a balance of prompt action 
and economic cost (e.g., emergency water trucks are more prompt but more expensive in the 
long-term) [44]. Despite efforts to improve access in Uganda settlements, the average number of 
liters of potable water available per person per day still falls below the UNHCR target; however, 
UNHCR currently is working to strengthen collaboration with the local government for planning, 
implementation, monitoring, and evaluation of WASH programs [45]. This focus should continue 
to result in improvements in access to WASH across the settlements. 
 Poor access to improved WASH can inhibit quality of life. Globally, adverse health effects 
can be attributed to lack of WASH by exposure to various pathogens found in poor drinking water 
and households [13]. Although deaths resulting from diarrheal diseases are decreasing, diarrhea 
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still is the leading cause of death among children (responsible for 8.6 percent of child deaths) [46]. 
Health effects can inhibit productive activities such as caring for family members, earning a living, 
and attending school. However, adverse effects resulting from insufficient access to WASH 
extend beyond health impacts. Water collection is primarily conducted by the women and children 
of a household, and this time spend each day can limit a child’s ability to attend school and women 
to forgo employment opportunities or other activities [13]. Women walking some distances alone 
or in small groups to a water source can become targeted in attacks and assaults [47]. Water 
scarcity or increased travel distance can reduce a household’s ability to practice proper hygiene 
and can also limit the ability to grow vegetables necessary to supplement rations provided by 
UNHCR for adequate nutrition [13,47]. Providing improved access to WASH has the potential to 
improve refugee quality of life in a multi-faceted way. 
 UNHCR implements WASH technical options that are suitable for refugee settings and 
follow specific UNHCR approved technical designs and operational guidelines [49]. The design 
guidelines go through an extensive review process to ensure suitability for refugee settings with 
WASH actors active in programs supporting refugees [49]. This study focuses on these technical 
options approved by UNHCR for the remaining analysis. 
2.2.4 Potential for Resource Recovery 
 The use of pit latrines has high prevalence in many rural refugee environments due to 
their nature of being simple and low-cost. Although cost is a key criterion in UNHCR decision-
making, pit latrines serve only a single purpose – to sequester bodily waste. Beyond sanitation 
and across all refugee camps and settlements, 80% of refugees have minimal access to energy 
for cooking, lighting, education, or livelihood activities and 43% of sites do not meet the global 
acute malnutrition standard (GAM) [2]. Resource recovery sanitation has the potential help fill 
these gaps as well, by providing alternative sources of energy (e.g., electricity, cooking fuel) and 
agricultural inputs (e.g., fertilizers).   
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This research considers urine diversion dry toilets (UDDT) as an alternative resource 
recovery sanitation option to pit latrines. The UDDT has separate holes for urine and feces and 
uses two chambers for collection – one in use and the other full and drying so it can be safely 
managed to recover useful nutrients [50]. Pit latrines, although cheap and easy to build, can be 
problematic to build in areas with high water tables and unstable soil and also need to be replaced 
frequently in congested camps [50]. Pit latrines can also be difficult to empty when full and prone 
to collapsing and decommissioned, while UDDTs can be emptied with a shovel, making it easier 
[50]. In theory, the UDDT is similar in function to the pit latrine but provides financial incentive for 
its use in refugee camps and settlements. 
  
 12 
CHAPTER 3: METHODS, RESULTS, AND DISCUSSION 
3.1 Methods 
3.1.1 Access to WASH in Refugee Settlements 
Refugees in each camp or settlement are provided necessities for survival, including 
access to WASH technologies [50,51]. UNHCR monitors WASH access in camps and settlements 
through field campaigns and staff efforts, using these monitoring campaigns to determine if certain 
standards (e.g., regarding public health, WASH, nutrition, education) are being met [53]. The data 
is reported in annual global, country, and settlement specific public health reports [53-63]. For this 
study, relevant UNHCR WASH standards, selected from the country-level reports, include potable 
water availability (>20 L·capita-1·day-1), refugees per latrine (<20 refugees·latrine-1), and refugees 
per tap (<80 refugees·tap-1). These standards define average access for a community, not for 
individuals. Additional water tanks, water taps, and latrines needed were estimated to determine 
the gap in access (Appendix A; Equations A.1, A.2, A.3).  
3.1.2 Description of Study Area 
The WASH technology cost model was applied to nine refugee settlements in Uganda. 
Uganda was selected due to its recent large influx in refugees entering the country and its unique 
refugee hosting model that has the potential to set an example for the rest of the world [37]. At 
the end of 2016, Uganda was hosting a total of 1,162,715 people of concern that fall under 
UNHCR’s mandate, a 68% increase since 2015 [64]. Refugee settlements in Uganda are 
particularly susceptible to the large population influxes, warranting an understanding of the 
tradeoffs underlying WASH intervention selection. Additionally, refugees hosted by Uganda 
reside in “settlements” as opposed to “camps” due to the unique nature of refugee mobility and 
provision of agricultural plots, food rations, and basic provisions [38]. Of the refugee settlements 
in Uganda, 9 were selected for the study based on public availability of key WASH coverage and 
population data through UNHCR (Figure 3.1) [54-63]. The settlements selected for the study 
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include Adjumani (120,208 refugees), Rhino Camp (86,770 refugees), Kiryandongo (57,181 
refugees), Kyangwali (43,274 refugees), Rwamwanja (56,938 refugees), Kyaka II (28,085 
refugees), Nakivale (115,542 refugees), Oruchinga (7,459 refugees), and Nyakabande (2,087 
refugees) [65-67]. All settlement populations were based on numbers reported near the end of 
2015 and beginning of 2016; however, due to refugee influxes, populations in each settlement 
may have increased substantially since the beginning of 2016. 
 
Figure 3.1: Baseline scenario of water and sanitation access in Uganda refugee settlements. Sizes of 
shaded circles indicate population of refugees in each settlement. Bar charts represent the percent of 
refugees with adequate access to water, taps, and latrines (Appendix A; Equations A.1, A.2, A.3). The 
standards do not define adequate access for individuals, but rather the community as a whole. A full bar 
(100%) indicates that the corresponding standard is completely met in the settlement. Empty bars or 
incomplete bars indicate areas where access needs to be improved. 
3.1.3 WASH Technology Selection for Model 
UNHCR reports 31 water and sanitation options (seven defined as emergency use and 24 
as post-emergency use) are suitable for refugee settings and are being implemented in 
settlements and camps across the globe [49]. “Emergency” technologies are implemented during 
the initial phase of the crisis and later phased out with “post-emergency” technologies benefiting 
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refugees with a longer stay (average of 17 years) [41,67]. Detailed design guidelines are 
published by UNHCR [49]; however, they are not readily available for all technologies considered. 
Because this study focuses on long-term planning, a technology was included in the study if (1) it 
was defined by UNHCR as “post-emergency” use, (2) the technical design with detailed material 
requirements was freely available on UNHCR’s website, and (3) it was defined as household use 
as opposed to institutional use (e.g., hospital, school). As a result, nine technologies were 
selected for this study, including one resource recovery sanitation option (urine diverting dry toilet) 
(Figure 3.2). The three water distribution tap options, selected based on available water 
resources and supply systems in the settlement, include tapstand, handpump apron, and hand 
dug well apron. The three water storage options include square concrete water reservoirs, circular 
brick and concrete water reservoirs, and circular ferrocement water reservoirs [49]. Water storage 
is only required for tapstand water distribution and tank sizes are predefined by UNHCR. The 
three latrine options include pit latrine (referred to by UNHCR as household toilet and bathing 
unit), pour flush toilet (referred to by UNHCR as household pour flush toilet (Sa To Pan) and 
bathing unit), and urine diverting dry toilet (UDDT). 
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Figure 3.2: Summary of water and sanitation technologies included in the study. Technologies are 
categorized as water distribution, water storage, and sanitation. Water storage is only needed for tapstand 
distribution and storage volumes are those predefined by UNHCR design guidelines. Visual representations 
of individual technologies are adapted from UNHCR technical design sketches [69]. 
 
3.1.4 Baseline and Model Scenario 
The most recent data published by UNHCR (2015) at the time of the study was used to 
determine the baseline state of each settlement. The baseline scenario uses the reported refugee 
populations and intervention coverage at the end of 2015 (Table 3.1; Figure 3.1) [53]. 
The model quantifies the costs to meet UNHCR standards in each settlement by providing 
additional tanks to improve water availability as well as additional taps and latrines. The additional 
tanks, taps, and latrines needed in each settlement to meet UNHCR standards was calculated by 




Table 3.1: Baseline scenario of access to WASH by Uganda refugee settlement. WASH coverage in 
refugee settlements, reported in at the end of 2015, were used as the baseline scenario for the study [55-
63]. Reported coverage is listed for potable water available in the settlement, refugees per water tap, and 
refugees per latrine. Values bolded and italicized indicate a target not being met. Data was not reported for 
Nyakabande regarding refugees per water tap, so it was assumed that the quantity of additional taps 











Adjumani 17 110 43 
Rhino Camp 18 135 14 
Kiryandongo 17 100 72 
Kyangwali 32 277 17 
Rwamwanja 14 344 6 
Kyaka II 21 110 7 
Nakivale 15 184 6 
Oruchinga 22 0 0 
Nyakabande 34 - 56 
UNHCR Standard > 20 < 80 < 20 
 
3.1.5 Life Cycle Costs Overview 
The total cost of each technology consists of the resources required to put in place, 
operate, and maintain WASH services throughout the lifespan of each technology. These costs 
include: construction materials, construction labor, operation, and capital maintenance. 
Construction equipment costs were excluded from the study because it was assumed that 
UNHCR already owns the necessary equipment to construct more WASH technologies in the 
existing Uganda refugee settlements. Technology life spans were assumed to range between 8 
years (latrines) and 20 years (water storage tanks) (Table E.1 in Appendix E) [70]. The total 
costs for each technology were calculated over the lifespan of each technology, and the total 
costs to meet UNHCR standards in each settlement were calculated over a 20-year comparative 
lifespan of the settlement (to accommodate the average 17-year stay of a refugee in a settlement). 




3.1.6 Construction Material Costs 
Detailed construction material requirements (e.g., materials and quantity) were taken from 
the technology design guidelines published by UNHCR [49]. Preliminary unit costs were collected 
for 80 different construction materials through local correspondence with a Uganda-based 
contracting company, Brick by Brick Construction Company Limited, and through the Alibaba 
Group online market for any remaining costs (Table C.11; Table C.16 in Appendix C). Based on 
this initial screening, additional material unit costs were collected at local hardware stores in 
Kampala, Uganda and surrounding communities (Gayaza-Wakiso and Mukono) for 30 materials 
estimated to contribute at least 5% of the total material costs each (Table C.12; Table C.13; 
Table C.14 in Appendix C). All data were tabulated in the local currency, Ugandan shillings 
(UGX), and the exchange rate on the day of data collection was used to convert unit costs to US 
dollars. Based on personal correspondence, non-consumptive construction materials (e.g., in 
some technologies: plastic sheeting, shuttering, etc.) were assumed to be re-used between 5 and 
15 times. 
3.1.7 Construction Labor Costs 
Construction duration of each technology (total person-hours), labor requirements, and 
labor wages were estimated for each project by surveying local non-governmental organizations 
and contractors (Table D.1). Labor skill levels were assumed to be (1) day laborer, (2) 
construction worker, and (3) skilled worker. Day laborers work without a specialized skillset (e.g., 
moving debris). Construction workers complete various construction tasks that do not require 
specialization. Skilled workers complete tasks that require prior training and certification if 
necessary. 
3.1.8 Operation and Capital Maintenance Costs 
Operation and capital maintenance costs were assumed to be a set percentage of the 
total capital material costs (Table E.1) [70]. The percentages for operation and capital 
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maintenance used for the study were 5% and 30% of the initial capital material costs respectively 
[70]. Capital maintenance was assumed to occur at half of the technology lifespan (e.g., 4 years 
for a latrine) [70]. Operating costs were modeled on an annual basis. The total operation and 
maintenance costs were calculating using a present value analysis with an interest rate of 5% 
[69,70] (Appendix E). 
3.1.9 Resource Recovery Cost Offset 
Resource recovery cost offsets by using a urine diverting dry toilet (UDDT) sanitation 
option were estimated by (1) calculating the per capita recovery from sanitation, (2) estimating 
unit value of nutrients, and (3) calculating the total value of nutrient recovery with the unit costs 
and per capita recovery values. Per capita recovery was calculated based on the methods 
described in Trimmer et al., 2017 (Appendix F) [21]. Refugee dietary intake (e.g., total calories, 
animal-based protein, plant-based protein) was based on reported food rations [17]. It was 
assumed that household food waste is negligible if there are minimal losses of food rations 
provided by UNHCR and WFP. Nitrogen, phosphorus, and potassium recovery efficiency factors 
used were consistent with typical UDDT operation [20,72-74]. Unit costs were collected for 
fertilizers expected to be used and readily available in Uganda. Nitrogen, phosphorus, potassium, 
and compound fertilizers considered include: urea, calcium ammonium nitrate (CAN), triple 
superphosphate (TSP), single superphosphate (SSP), potassium chloride (muriate of potash, 
MOP), NPK, and diammonium phosphate (DAP). Urea, TSP, and potassium chloride were 
selected to estimate the unit value of each nutrient. 
3.1.10 Sensitivity and Uncertainty Analysis 
Model parameters with uncertainty included material unit costs, construction duration, 
labor requirements and wages, operation and maintenance, and resource recovery parameters. 
A Monte Carlo analysis with Latin Hypercube Sampling was used to characterize the uncertainty 
of technology costs and resource recovery cost offsets to generate distributions of 10,000 values 
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for each uncertain parameter. Latin Hypercube Sampling evenly samples across the range of 
values, ensuring representative and reproducible results while minimizing the number of runs 
needed [75]. Most distributions of uncertain parameters were assumed to be uniform or triangular. 
3.2 Results and Discussion 
3.2.1 Decision-Making Behind Individual WASH Technology Selection 
Water and sanitation infrastructure failure can occur as a result of factors such as (1) 
ignoring the local context, (2) lack of adequate operation and maintenance (O&M), and (3) lack 
of participatory planning [76]. UNHCR implements bottom-up decision-making by considering 
physical features of the site and refugee cultural needs first [16]. Refugee site characteristics 
dictate the potential to use certain technologies. For example, selection of water source ultimately 
depends on volume of supply, reliability of the supply (e.g., seasonal variation), and topographical 
characteristics (e.g., gravity flow for tapstands or pumping for wells and boreholes) [16]. For 
sanitation technologies, physical site considerations include geology, availability of water, rainfall, 
and drainage [16]. Pit latrines should only be selected if the soil allows surface water absorption 
and is structurally supportive, while pour flush toilets are more effective in sandy or permeable 
soils [16]. In addition to physical factors, traditional sanitation practices of the refugees should be 
considered for selection of an excreta disposal system (e.g., cultural taboos, need for privacy, 
preferred position, method of anal cleaning, etc.) [16]. Pour flush toilets are not suitable for 
refugees using paper, stones, corncobs, or other solid materials for anal cleaning [16].  
Although the median total cost (over the assumed 10-year technology lifespan) of a single 
tapstand (730 USD) was significantly less than the median total cost of a single handpump apron 
(1,890 USD) or a single hand dug well apron (2,195 USD), a tapstand should not be automatically 
selected to supply water in each refugee settlement (Figure 3.3). Likewise, a household pour 
flush toilet (Sa To Pan) and bathing unit is the least expensive (755 USD) over the 8-year 
assumed sanitation technology lifespan, but it should not necessarily be selected to meet 
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sanitation demands instead of a household toilet and bathing unit (940 USD) or a urine diverting 
dry toilet (1,300 USD). 
After meeting cultural and physical site requirements, UNHCR shifts its focus to selection 
of a technology that meets criteria related to (1) low cost, (2) simple construction, and (3) ease of 
use and maintenance [16]. UNHCR emphasizes the need to employ locally used technologies 
because they are well-proven and familiar and have the potential to meet the decision-making 
criteria. In the case of water storage technologies, the median total cost of a 30-m3 square 
concrete tank (3,140 USD) over the 20-year assumed water storage technology lifespan was less 
than that of a 30-m3 circular brick and concrete tank (4,970 USD) and a 45-m3 circular ferrocement 
tank (3,495 USD). Although more expensive, a circular brick and concrete tank could be selected 
if is already used in the host country and the materials are readily available. Additionally, simple 
technologies allow UNHCR to rely on potentially untrained refugees for some construction efforts. 
Although construction labor costs are relatively low (ranging from 1% to 4% of the total cost if 
labor is paid), refugee involvement is essential to encourage self-reliance of refugees to reduce 
prolonged dependences on outside relief [16]. Finally, UNHCR considers ease of O&M in all steps 
of decision-making because lack of adequate O&M reduces the chance of project success 
[16,75]. Based on the assumptions made surrounding O&M, the total O&M contributions to total 
cost for water delivery technologies were approximately the same, ranging from 24% to 30% for 
operation and 23% to 32% for capital maintenance. In contrast, the contribution of operation costs 
(30% to 36%) to the total cost of water storage technologies was greater than the contribution of 
capital maintenance costs (9% to 17%), and the contribution of operation costs (17% to 28%) to 
the total cost of sanitation technologies was less than the contribution of capital maintenance 
costs (22% to 35%). These additional factors are difficult to include in the overall technology cost 
and should be considered before selecting a technology.  
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Figure 3.3: The costs associated with individual WASH technologies for water delivery (top), water storage 
(middle), and sanitation (bottom). Plots on the left show the relative contributions of materials, labor, and 
O&M to the total cost of each technology, while plots on the right quantify each technology’s total cost. In 
all cases, the boxplots represent the median values (center line), 25th and 75th percentiles (bottom and top 
of box), 10th and 90th percentiles (lower and upper whiskers), and outliers from the uncertainty analysis. 
The conversion rate of 3,785 UGX to 1 USD was used for this study. 
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Because material costs resulted in the highest contribution to total cost of a single WASH 
technology (ranging from 41% to 61% of the total cost) (Figure 3.3), elucidating the materials with 
the greatest contribution to total cost can help improve technology design and construction. Of 
the 81 materials used to construct the water and sanitation technologies, 17 each contributed to 
at least 10% of the total material cost of at least one technology, identified using median values 
from the uncertainty ranges (Figure 3.4).  
 
Figure 3.4: The contribution of specific materials to overall material cost for each WASH technology. A 
material was included if it contributed to at least 10% of the total material cost for any single technology. 
Sections without a circle indicate a material not used in the corresponding technology. 
 
Finding alternative materials or cheaper sources of expensive materials provide an 
opportunity for innovation to reduce the life cycle cost of technologies. The material costs for the 
handpump and hand dug well water delivery systems depend heavily on the cost of a handpump 
(26% to 75% of the total material cost). The broad range of the potential total cost of a handpump 
apron and hand dug well apron occurs due to the high uncertainty in the price of a handpump 
(351 USD to 910 USD). Because a handpump is imperative to the operation of the water delivery 
technology, decision-makers can focus on finding cheaper options that are closer to 351 USD. 
Additionally, cement is used in each of the water and sanitation technologies. The price of cement 
is uniformly expensive throughout Uganda (7.90-8.40 USD per 50 kg bag) and is rapidly 
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increasing because of cement production limitations and decreased power supply to 
manufacturing plants [76,77]. Finding cheaper prices is often not an option for contractors and 
WASH-implementers, so instead this presents an opportunity for innovation in use of alternative 
and locally available materials, although often not as strong as cement (e.g., cement kiln dust, 
highly viscous substances such as molasses, soil found in termite mounds, etc.) [79-81].  
3.2.2 Financing WASH in Refugee Settlements Through Resource Recovery 
Recovering nitrogen, phosphorus, and potassium nutrients with a UDDT results in the 
potential to sell nutrients as fertilizers. All reported values follow the format: median (5th percentile, 
95th percentile). Without resource recovery, a pit latrine (5,149 USD (4,021 USD, 6,050 USD)) 
can be more cost effective  than a UDDT (6,039 USD (5,562 USD, 6,508 USD)) over the 20-year 
comparative lifetime, but through resource recovery, a UDDT becomes more cost-effective (4,761 
USD (4,675 USD, 4,903 USD)) than a pit latrine by serving as a source of income for the refugee 





Figure 3.5: Cumulative median cost of a single sanitation technology. The plot shows the total expenses 
(capital material, construction labor, and O&M) over a 20-year comparative lifetime and the cost offset by 
selling recovered nutrients (nitrogen, phosphorus, potassium) at fertilizer market value in Uganda. Year 0 
indicates the initial capital cost of the technology. The lightly shaded region shows cost offsets by recovering 
nutrients with a urine diverting dry toilet (UDDT), and the darker shaded region is the total cost of a UDDT 
after resource recovery. The black line shows the cumulative cost of a single pit latrine. The UDDT becomes 
lower in cost after 4 years (half of technology lifetime) compared to a pit latrine. 
 
At year 0, the initial capital expense of the pit latrine (511 USD (409 USD, 619 USD)) is 
more cost-effective than a UDDT (612 USD (559 USD, 654 USD)). After the third year, the total 
expense (initial capital and O&M) are about the same (1,053 USD (828 USD, 1,248 USD) for pit 
latrine and 1,051 USD (1,009 USD, 1,095 USD) for UDDT) when the resources recovered over 
the three years are sold as fertilizers. In the fourth year (half of the assumed sanitation technology 
lifetime), the UDDT becomes more cost effective (1,197 USD (1,159 USD, 1,242 USD)) than the 
pit latrine (1,243 USD (968 USD, 1,458 USD)) and serves as a source of income for UNHCR or 
the refugees. The annual O&M cost of a UDDT is 210 USD (194 USD, 227 USD), while the UDDT 
replacement cost is 612 USD (559 USD, 654 USD). If the income generated from resource 
recovery is applied annually to O&M expenses, 30% of the annual O&M is offset resulting in a 
new annual O&M of 147 USD (136 USD, 159 USD). Alternatively, if the income generated is 
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instead saved over the 8-year assumed technology lifetime, 67% of the replacement costs can 
be offset resulting in a new replacement cost of 202 USD (184 USD, 216 USD). 
The money saved by using a UDDT can reduce the financial burden on refugees and 
UNHCR to upkeep existing technologies or can create an income source to finance sanitation or 
water technologies in the future. The growing refugee populations make it difficult for UNHCR to 
provide access to WASH with limited funds available. If, under ideal conditions, the cheapest 
WASH technologies are selected (tapstand, ferrocement tank, UDDT with resource recovery), the 
baseline cost to achieve UNHCR standards (access to potable water, refugees per tap, and 
refugees per latrine), excluding location-specific cost considerations, falls well within the proposed 
budget for 2016 ($4,863,010 for water and $4,368,921 for sanitation) (Figure 3.6). Decision-
makers can use the total cost to meet UNHCR standards in refugee settlements to understand 
what settlements need the most attention; however, these values do not consider critical cost 
drivers that require location-specific knowledge (e.g., borehole drilling, distribution network, O&M 
of existing systems).  
Many settlements require improved access to water technologies; however, Adjumani and 
Kiryandongo need serious attention to improve access to sanitation (Figure 3.6). These 
settlements may be good candidates for UDDT implementation to increase access and provide a 
tangible source of income necessary to offset replacement costs and annual O&M. These values 
provide a good baseline estimate for the financial requirements to meet UNHCR standards; 
however, location-specific cost considerations should be included to develop a more holistic 
understand of the cost demands to meet UNHCR standards in Uganda refugee settlements. 
 26 
 
Figure 3.6: Cost to meet UNHCR standards in each settlement and UNHCR budget availability. Plots show 
the median cost to meet the UNHCR standard of refugees per tap (top left), potable water available (middle 
left), and refugees per latrine (bottom left). The cheapest WASH technologies were selected: tapstand, 
ferrocement tanks, and UDDT. Plots of the right show the total cost to meet standards in all settlements 
compared to the UNHCR budget availability for the next fiscal year (2016) [82]. Location specific water 
development costs (e.g., boreholes, distribution network) and maintenance of existing infrastructure were 
excluded due to the uncertainty of cost. The conversion unit was assumed to be 3,785 UGX to 1 USD. 
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
When evaluating the decision-making process of UNHCR, location-specific considerations 
should be included and expanded in the model as much as possible. In the context of WASH 
implementation in refugee settlements, selection of a technology is based on many criteria outside 
of technology cost (e.g., physical site requirements, cultural implications, ease of construction, 
O&M). Additionally, key cost drivers of water technology selection are based on location specific 
requirements (e.g., water source construction, boreholes, water distribution) and should be 
included in the cost estimate. A research trip to Uganda is planned for summer 2018 to investigate 
location-specific cost drivers and decision-making criteria to include in the resulting manuscript of 
this research. The trip will focus on collection of more location-specific material costs and 
conversations and interviews of key WASH decision-makers (e.g., UNHCR WASH officials, 
NGOs, contractors, etc.). The following questions will guide the interviews and conversations 
(Table 4.1). 
Table 4.1: List of guided questions for interviews and conversions in Uganda. Questions are based on 
technology selection, construction materials, O&M, labor and equipment, and resource recovery. 
Questions are used to improve upon location-specific decision-making and assumptions. 
Selection of a Technology 
1. Describe the technology selection process for water and sanitation. 
2. How do you estimate the costs associated with water source (e.g., borehole, spring)? 
a. Are the costs based on past projects, water quantity available, etc.? 
b. Do you have example cost estimates or reports? 
3. How do you select a water source in the refugee site? 
4. Is technology selection based on what is already used by the host country? 
a. What is typically used in Ugandan refugee settlements? 
b. What is typically used by the host communities? 
c. Do you use plastic latrine slabs in Uganda? 
Construction Materials 
1. Where do you purchase materials (locally vs. abroad)? 
2. What drives the decision for where to purchase materials (e.g., price, give back locally)? 
3. How do you transport materials to the site? 
4. How do you estimate transportation costs? And does transportation of materials play a 
role in selection of a technology? (e.g., do some things get more important as you get 




Table 4.1: (Continued) 
5. Do you reuse materials (e.g., plastic sheeting to cover concrete slab, wood and metal 
concrete slab formwork) and how many times? 
Operation and Maintenance 
1. How do you estimate O&M costs? (e.g., set percentage of capital cost, based on past 
projects, full calculation, etc.) 
a. Do you have examples of O&M estimation for WASH technologies? 
2. What is your opinion about O&M of WASH technologies? (e.g., cheaper to maintain or just 
replace, better for community to maintain, etc.) 
3. Who is in charge of O&M costs and maintaining after initial construction? 
4. How do you pay for O&M over the years (e.g., all O&M materials purchased initially?) 
Construction Labor and Equipment 
1. Who is hired to complete construction of WASH technologies? 
a. Are refugees hired for the construction tasks and if so, are they paid? 
2. How do you estimate construction labor costs and requirements? 
a. Do you have examples of construction labor estimates for WASH technologies? 
3. Does construction labor play an important role in the overall cost of a project? 
a. If labor is a small component now, when would labor matter? 
4. What equipment is used for technology construction? 
a. Is this equipment owned or rented? 
b. Do you have costing examples for construction equipment? 
Resource Recovery 
1. Does UNHCR make use of resource recovery and implement UDDTs? 
2. What is typically done with the resources recovered? (e.g., sell, dispose, use) 
a. If resources are sold, for what price? What use are they sold for? 
b. If resources are disposed, why? 
c. If resources are used, for what use? How does the population feel about resource 
recovery and use? 
 
 In addition to emphasizing the need to incorporate location-specific details into the model, 
this research will also consider the value of nutrients to determine if it is more economically 
efficient to support resource recovery sanitation or conventional sanitation and fertilizer support 
independently (e.g., 1 USD to resource recovery sanitation or 1 USD to fertilizers). This research 
will also compare the profit achieved through selling nutrients back to the market against the land 
area that can be fertilized with nutrients recovered. These studies will help develop a better 
recommendation for innovative technology use in refugee settings. 
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CHAPTER 5: ENGINEERING SIGNIFICANCE 
 Drinking water and sanitation systems are designed to effectively deliver safe drinking 
water and provide a safe and clean place to defecate. However, there is not a universal solution 
to effectively meet global water and sanitation demands. In the context of UNHCR decision-
making, WASH technologies are selected based on the physical characteristics of the site and 
cultural constraints of the refugee population first and then based on the decision criteria of: low 
cost, easy use and maintenance, and simple construction. In many decision-making spaces 
outside of a refugee context, cost plays a significant role in technology design and selection. This 
research focused on the cultural implications of decision-making and the potential tension 
between technology cost and refugee needs.  
 This research showed which water and sanitation technologies are the most cost effective 
based on the assumptions made (e.g., exclusion of borehole and distribution costs, O&M 
percentage) as well as the most cost intensive components of the technology lifetime 
(construction materials, construction labor, O&M). This information can be used to estimate the 
costs of construction and annual O&M of certain technologies for early decision-making. This tool 
also can be expanded to include additional cost components to provide a better estimate of 
implementation costs of each technology. Additionally, this research showed for each WASH 
technology which design decisions (e.g., construction material selection) have the largest effects 
on total cost. The breakdown of materials can be used as a starting point for system redesign to 
use more cost effective alternative materials or seek out cheaper sellers of a particular material 
when innovation is not possible. Decision-makers in this space can use the results of this work 
by focusing on improving technology selection either by considering other options such as 
resource recovery sanitation or targeting redesign efforts to reduce key cost drivers discussed in 
this work (e.g., construction materials and O&M). 
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 This research also compared an innovative sanitation technology (UDDT) to conventional 
sanitation technologies (pour flush toilet and pit latrine) to determine if a UDDT could be more 
cost effective than conventional technologies and if there were any resulting benefits of its 
selection. The research showed how through resource recovery, the UDDT sanitation option 
became more cost-effective than the conventional pit latrine typically used in rural scenarios. This 
is especially relevant for addressing sanitation in developing communities because this 
technology offers incentive for adequately using implemented sanitation technologies (often 
limiting sanitation success) and creates a pathway for more innovative decision-making. This 
research also has the potential to influence decision-making in the United States by showing how 
resource recovery plays a role in offsetting implementation and O&M costs of the technology. 
Although the technologies used will vary in a more developed space, similar costing studies can 
be executed to compare different technology options. 
 Overall, this research fits in the larger more general LCC framework for WASH systems 
that consider other aspects of WASH design such as borehole water distribution construction and 
O&M. This modeling framework can serve as a comparison tool for decision-makers of UNHCR 
and other organizations (e.g., NGOs) focusing on WASH development. This framework will help 
decision-makers compare different technologies against each other and evaluate the life cycle 
costs of each proposed system. This will also guide decision-makers considering more innovative 
technologies, such as resource recovery sanitation, and serve as an example for costing in these 
contexts. Although this research excludes some key costing items (e.g., boreholes, water 
distribution lines), it serves as a starting point for costing through a techno-economic analysis 
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APPENDIX A: UNHCR UGANDA SETTLEMENT DATA 
The baseline refugee populations selected for the model are based on the reported 
populations at the end of 2015 (Table A.1) [54]. 
Table A.1: Baseline Populations in Uganda Settlements [54]. 
Refugee Settlement 2015 Population 
Adjumani 104,111 









 UNHCR tracks the current state of each settlement by monitoring ability to achieve set 
standards, including WASH standards (Table A.2) [54]. The standards included in this model are 
(1) potable water available, (2) people of concern per tap, and (3) refugees per latrine or toilet.  
Table A.2: Water and sanitation baseline in Uganda settlements compared to UNHCR WASH standard. 
WASH coverage (i.e. water and latrines) are listed for each refugee settlement in Uganda. Bolded values 
indicate coverage estimates that do not meet UNHCR standards. Values with “N/A” were missing from the 



































> 20 > 95% < 80 > 80% < 20 > 90% 
Adjumani 17 100 110 75 43 91 
Rhino Camp 18 38 135 80 14 100 
Kiryandongo 17 100 100 90 72 90 
Kyangwali 32 47 277 44 17 100 
Rwamwanja 14 34 344 34 6 100 
Kyaka II 21 97 110 65 7 56 
Nakivale 15 49 184 75 6 84 
Oruchinga 22 99 0 30 0 0 
Nyakabande 34 N/A N/A N/A 56 N/A 
 
 The baseline scenario is assumed to be the water and sanitation coverage for refugees in 
Uganda at the end of 2015 and the model scenario is the cost to achieve WASH coverage 
standards for the refugee population (Table A.3).  
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Table A.3: Model WASH Scenarios 
Scenario Description 
Baseline Water and sanitation coverage in 2015, data from the most 
recent update of Public Health Reports 
 
Adequate water and sanitation 
coverage 
Meeting water and sanitation coverage standards set by 
UNHCR through additional latrines, taps, and water tanks 
 
The additional technology need is calculated by determining the additional latrines, taps, 
and tanks necessary to achieve UNHCR standards from the baseline scenario. The following set 
of equations is used to calculate the required number of technologies necessary to meet UNHCR 
standards. If a calculation results in a negative value, it is assumed that additional technologies 
are not needed because the baseline coverage for a given settlement is already better than the 
UNHCR standard. 
Additional water storage is calculated using the UNHCR standard and baseline coverage 
for potable water available (L/capita/day) (Equation A.1): 
𝑄𝐴𝑑𝑑 = (𝑄𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 −𝑄𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒) ∙ 𝑃𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ∙ 𝑡𝑆𝑡𝑜𝑟𝑎𝑔𝑒 
where QAdd represents the additional potable water or water storage necessary to meet standards 
(L), QStandard represents UNHCR standard for potable water available (20 L∙capita-1∙day-1), QBaseline 
represents baseline potable water available (L∙capita-1∙day-1), PBaseline represents baseline 2015 
population (people), and tStorage represents water storage time in tank (days). 
Additional taps needed are calculated using the UNHCR standard and baseline coverage 








where TapAdd represents the additional taps needed to meet standards (tap), TapStandard represents 
the UNHCR standard for people of concern per water tap (80 people∙tap-1), and TapBaseline 
represents the baseline tap availability (people∙tap-1). 
 
 37 
Additional latrines needed are calculated using the UNHCR standard and baseline 








where LatAdd represents the additional latrines needed to meet standards (latrine), LatStandard 
represents the UNHCR standard for refugees per latrine or toilet (20 people∙latrine-1), and 







APPENDIX B: UNHCR WASH TECHNOLOGIES 
The technologies considered for this study were those that UNHCR evaluated as suitable 
for refugee settings and are already being implemented in settlements and camps across the 
globe (Table B.1) [49]. Wash technologies included in the study provide water delivery, water 
storage, and sanitation services to refugees. A technology was included in the study if it met study 
inclusion criteria: (1) it was defined by UNHCR as “post-emergency” use, (2) the technical design 
with detailed material requirements was freely available on UNHCR’s website, and (3) it was 
defined as household use as opposed to institutional use. 
Table B.1: Complete list of UNHCR WASH technologies considered for study. Included are UNHCR 
technology identification number (ID), name of UNHCR technology, timing and use, service capacity, and 
whether it was included in the model (Y indicates included and N indicates excluded). 
ID WASH Technology Timing Use Capacity 
Modelled? 
(Y/N) 
D-300 Wooden pallet tapstand Emergency Water delivery 6 taps N 
D-301 Concrete tapstand Post emergency Water delivery 6 taps Y 
D-302 Concrete handpump apron Post emergency Water delivery 1 tap Y 
D-303 
Hand-dug concrete well 
apron 
Post emergency Water delivery 1 tap Y 
D-304 
Fractured rock aquifer 
borehole 














7.8 m2 N 
D-307 





51.8 m2 N 
D-308 





53.3 m2 N 
D-309 Concrete elevated tower Post emergency 
Tank structural 
support 
20 m3, 25 m3, 50 
m3, 60 m3, 75 m3 
Y 
D-310 Steel elevated tower Post emergency 
Tank structural 
support 
109 m3 Y 
D-312 
Concrete square water 
reservoir 
Post emergency Water storage 10 m3 Y 
D-313 
Concrete square water 
reservoir 
Post emergency Water storage 30 m3 Y 
D-314 
Concrete square water 
reservoir 
Post emergency Water storage 50 m3 Y 
D-315 
Brick and concrete circular 
water reservoir 
Post emergency Water storage 10 m3 Y 
D-316 
Brick and concrete circular 
water reservoir 
Post emergency Water storage 30 m3 Y 
D-317 
Brick and concrete circular 
water reservoir 
Post emergency Water storage 50 m3 Y 
D-318 
Ferrocement circular water 
reservoir 
Post emergency Water storage 45 m3 Y 
D-319 
Ferrocement circular water 
reservoir 
Post emergency Water storage 75 m3 Y 
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Table B.1: (Continued) 




Ferrocement circular water 
reservoir 
Post emergency Water storage 90 m3 Y 
D-400 
Communal poles and 




7 latrines N 
D-401 
Communal wood and 




5 latrines N 
D-402 Household domed slab Post emergency 
Latrine structural 
support 
1 latrine per slab Y 
D-403 










Household pour flush toilet 





1 latrine, 1 
shower 
Y 
D-405 Desludgable latrine Emergency 
Waste 
management 
5 latrines N 
D-406 Urine diverting dry toilet Post emergency 
Waste 
management 
2 latrines Y 
D-407 Institutional latrine Post emergency 
Waste 
management 
4 latrines N 
D-408 





4 latrines N 
D-409 
Household pour flush toilet 










 Some UNHCR WASH technologies require the construction of other technologies to be 
effective (e.g., household toilet requires latrine slab; tapstand requires water storage). Selection 
of one technology dependent upon another technology requires the construction of both 
technologies together (Table B.2). 
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Table B.2: Complete list of dependencies for WASH technologies. Dependencies are listed in terms of the 
UNHCR identification number (ID). Items with “-“ for a dependency do not rely on other technologies.  
ID WASH Technology Dependencies 
D-301 Concrete tapstand 
Water storage: D-312/313/314, D-315/316/317, or D-
318/319/320 
D-302 Concrete handpump apron - 
D-303 Hand-dug concrete well apron - 
D-304 Fractured rock aquifer borehole - 
D-305 Alluvial aquifer borehole - 
D-309 Concrete elevated tower Water delivery: D-301 
D-310 Steel elevated tower Water delivery: D-301 
D-312 Concrete square water reservoir Water delivery: D-301 
D-313 Concrete square water reservoir Water delivery: D-301 
D-314 Concrete square water reservoir Water delivery: D-301 
D-315 
Brick and concrete circular water 
reservoir 
Water delivery: D-301 
D-316 
Brick and concrete circular water 
reservoir 
Water delivery: D-301 
D-317 
Brick and concrete circular water 
reservoir 
Water delivery: D-301 
D-318 Ferrocement circular water reservoir Water delivery: D-301 
D-319 Ferrocement circular water reservoir Water delivery: D-301 
D-320 Ferrocement circular water reservoir Water delivery: D-301 
D-402 Household domed slab Waste management and hygiene: D-403/409 
D-403 Household toilet and bathing unit Latrine slab: D-402 
D-404 
Household pour flush toilet and 
bathing unit 
- 
D-406 Urine diverting dry toilet - 
D-409 
Household pour flush toilet (Sa To 
Pan) and bathing unit 









APPENDIX C: MATERIAL COSTS OF WASH TECHNOLOGIES 
C.1 Material Requirements of WASH Technologies 
Material requirements were based on design standards published by UNHCR [69]. Construction material requirements for 
each WASH technology considered were listed in the design standards (Table C.1; Table C.2; Table C.3). 
Table C.1: Water delivery technology construction material requirements. Construction materials and specifications are listed by water delivery 
technology. Water delivery technologies are indicated by UNHCR ID: D-301 (post-emergency tapstand), D-302 (post-emergency handpump 
apron), and D-303 (post-emergency hand dug well. 
Material Details/Dimensions Unit D-301 D-302 D-303 
Plastic sheeting - m2 10 10 20 
Wooden posts 65cm x 5cm x 5cm pc 15 15 18 
Wooden planks 4m x 20cm x 2.5cm pc 4 4 2 
Wooden planks 4m x 5cm x 2.5cm pc 5 5 - 
Plywood sheets 240cm x 120cm x 3mm pc - - 3 
Nails 6cm galvanized kg 1 1  
Nails 5cm galvanized kg - - 1 
High tensile steel weld-mesh 6mm diameter 20cm x 20cm m2 10 10 4 
High tensile mild steel rebar 6mm diameter m - - 82 
Coarse sand - m3 0.9 0.9 1.5 
Coarse gravel 6mm - 10mm m3 1.5 1.5 - 
Coarse gravel 12mm - 25mm m3 - - 2.8 
Compacted hardcore sub-base - m3 1.5 1.5 2.2 
Cement 50kg sacks sacks 10 10 19 
Complete handpump assembly - pc - 1 1 




Table C.2: Water storage technology construction material requirements. Construction materials and specifications are listed by water storage 
technology. Water storage technologies are indicated by UNHCR ID: D-312 to D-314 (concrete square water reservoir), D-315 to D-317 (brick and 
concrete circular water reservoir), D-318 to D-320 (ferrocement circular water reservoir). 
Material Details/Dimensions Unit D-312 D-313 D-314 D-315 D-316 D-317 D-318 D-319 D-320 
Plastic sheeting - m2 10 22 30 16 36 36 - - - 
Wooden posts 65cm x 5cm x 5cm pc 46 46 46 32 36 36 - - - 
Wooden planks 4m x 20cm x 2.5cm pc 71 120 150 17 37 46 - - - 
Wooden planks 4m x 5cm x 2.5cm pc 5 12 12 4 7 9 - - - 
Wooden posts 4m x 5cm x 5cm pc 36 70 67 4 7 9 - - - 
Nails 6cm galvanized kg 3 4 6 2 1 4 - - - 
Nails 8cm galvanized kg 1 1 2 - 1 - - - - 
Chicken mesh 
0.5-1.0mm diameter 10-
25mm mesh opening 
m2 - - - - - - 123 168 191 
High tensile steel weld-
mesh 
6mm diameter 20cm x 
20cm 
m2 17 - - - - - - - - 
High tensile steel weld-
mesh 
8mm diameter 14cm x 
14cm 
m2 - - - 11 - - - - - 
High tensile steel weld-
mesh 
8mm diameter 17cm x 
17cm 
m2 8.5 - -  - - - - - 
High tensile steel weld-
mesh 
10mm diameter 20cm x 
20cm 
m2 - - - 30 - - - - - 
High tensile steel weld-
mesh 
12mm diameter 10cm x 
10cm 
m2 - - - - - 36 - - - 
High tensile steel weld-
mesh 
12mm diameter 13cm x 
13cm 
m2 - - - - 28 - - - - 
High tensile steel weld-
mesh 
12mm diameter 14cm x 
14cm 
m2 - 18 78 28 112 - - - - 
High tensile steel weld-
mesh 
12mm diameter 17cm x 
17cm 
m2 29 44 - - - - - - - 
High tensile steel weld-
mesh 
12mm diameter 20cm x 
20cm 
m2 - 44 - - - - - - - 
High tensile steel weld-
mesh 
16mm diameter 13cm x 
13cm 
m2 - - 67 - - - - - - 
High tensile steel weld-
mesh 
16mm diameter 14cm x 
14cm 
m2 - - - - - 57 - - - 
High tensile steel weld-
mesh 
16mm diameter 17cm x 
17cm 
m2 - - - - - 85 - - - 
High tensile mild steel 
rebar 
6mm diameter m - - - - - - 164 244 279 
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Table C.2: (Continued) 
Material Details/Dimensions Unit D-312 D-313 D-314 D-315 D-316 D-317 D-318 D-319 D-320 
High tensile mild steel 
rebar 
9mm diameter m - - - - - - 1452 1976 2375 
Tying wire 1mm diameter kg 0.5 1 0.5 0.5 0.5 1 - - - 
Metallic valve box 
covers 
70cm x 70cm x 2mm pc 4 4 4 4 4 4 - - - 
Steel channel 7.5cm x 3.75cm m - - - - - - 18 18 18 
Steel plate - m2 - - - - - - 0.09 0.09 0.09 
Coarse sand - m3 4.5 8.9 12 7.2 14.1 18.5 - - - 
Coarse sand - m2 - - - - - - 14 21 25 
Sand - m2 - - - - - - 4.26 6 7 
Coarse gravel 12mm - 25mm m3 4.6 9.4 12.9 5.8 11.4 15.6 - - - 
Stone - m2 - - - - - - 5 7 7 
Compacted hardcore 
sub-base 
- m3 1.9 3.8 4.6 2.1 4.6 5.4 - - - 
Cement 50kg sacks sacks 40 83 113 60 112 155 66 91 102 
Water - m2 - - - - - - 1.67 2.4 2.62 
Hollow blocks - pc - - - - - - 150 180 195 
Bricks 20cm x 9cm x 6cm pc - - - 5,500 9,112 12,000 -   
GI pipe - m - - - - - - 2.7 2.7 2.7 
2” gate valve valve and pipe assemblies pc 1 1 1 1 1 1 -   
3” gate valve valve and pipe assemblies pc 2 2 2 2 2 2 - - - 
2” float valve valve and pipe assemblies pc 1 1 1 1 1 1 - - - 
1” GI pipe valve and pipe assemblies cm 660 660 660 660 660 660 - - - 
2” GI pipe valve and pipe assemblies cm 261 261 261 261 261 261 - - - 
3” GI pipe valve and pipe assemblies cm 440 440 440 440 440 440 - - - 
2” GI elbow valve and pipe assemblies pc 4 4 4 4 4 4 - - - 
3” GI elbow valve and pipe assemblies pc 2 2 2 2 2 2 - - - 
2” GI union valve and pipe assemblies pc 1 1 1 1 1 1 - - - 
2” GI socket valve and pipe assemblies pc 1 1 1 1 1 1 - - - 
3” GI tee valve and pipe assemblies pc 2 2 2 2 2 2 - - - 
1” GI nipple valve and pipe assemblies pc 2 2 2 2 2 2 - - - 
3” GI nipple valve and pipe assemblies pc 2 2 2 2 2 2 - - - 




Table C.3: Sanitation technology construction material requirements. Construction materials and specifications are listed by sanitation technology. 
Sanitation technologies are indicated by UNHCR ID: D-402 (household domed slab), D-403 (household toilet and bathing unit), D-406 (urine diverting 
dry toilet), D-409 (household pour flush toilet (Sa To Pan) and bathing unit). 
Material Details/Dimensions Unit D-402 D-403 D-406 D-409 
Wooden posts 4m x 5cm x 5cm pc - 16 18 16 
Wooden posts 75cm x 2cm x 2cm pc 4 - - - 
Wooden posts 80 cm x 2cm x 4cm pc 1 - - - 
Wooden planks 4m x 20cm x 2.5cm pc - 0.5 2 0.5 
Wooden planks (surface spinning 
template) 
1.6m x 18cm x 2cm pc 2 - - - 
Wooden grab rails and door handles minimum 50cm length pc - 4 4 4 
Galvanized chicken wire 50mm x 80mm openings, 20 BWG m2 53 - - - 
Steel weld-mesh 06mm diameter 10cm x 10cm m2 1 - - - 
High tensile steel weld mesh 6mm x 20cm x 20cm m2 - - 2 - 
Rebar 10mm diameter m 1 - - - 
Nails 10cm galvanized kg - 0.5 0.5 0.5 
Nails 14cm galvanized kg - - - - 
Domed head nails 4cm galvanized kg - 0.5 0.5 0.5 
Galvanized iron sheeting 3m x 0.85m, British guage 28 pc - - 11 - 
Metallic door bolt 4cm galvanized pc - 1 1 1 
Metallic door hinge 4cm x 8cm x 2mm galvanized pc - 3 3 3 
Metallic padlock 4 sets of keys pc - 1 - 1 
Metallic vault doors 70cm x 70cm x 3mm iron pc - - 2 - 
Threaded metal bolt M10 x 12cm galvanized pc - 12 12 12 
Metal washers M10 galvanized pc - 12 12 12 
Iron shuttering rings 10cm x 150cm pc 10 - - - 
Bricks 8cm x 12cm x 25cm pc - 54 682 54 
Coarse sand - m3 1.8 0.4 0.6 0.4 
Coarse gravel 6mm - 10mm m3  0.8 0.2 0.8 
Cement 50kg sacks sack 8 6 4 6 
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Table C.3: (Continued) 
Material Details/Dimensions Unit D-402 D-403 D-406 D-409 
Plastic sheeting - m2 - 16 4 16 
Urine diversion pipe assembly - pc - - 1 - 
Drop hole shuttering 160mm PVC x 20cm pc - - 2 - 
Vent pipes 110mm PVC x 250cm pc - - 2 - 
Domed latrine slab 150cm diameter x 5cm pc - 1 - 1 
mirror 80cm x 60cm pc - 1 - 1 
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C.2 Developing Material Cost Relationships and Unit Cost Collection 
Preliminary material unit costs were estimated through two sources (1) contractors 
employed by a local Ugandan contracting firm, Brick by Brick Construction Company Limited and 
(2) an online global trade website, Alibaba.com. These costs were used for developing preliminary 
cost results to understand which materials contribute a significant percentage of the total material 
costs. Materials contributing to 5% or greater total material costs were selected for collection of 
additional location-specific unit cost values to ensure estimated values were reasonable for the 
area. Materials contributing to less than 5% of the total material costs did not require additional 
location-specific unit cost values unless no Uganda costs were already collected (Figure C.1). 
To reduce the quantity of material costs collected in Uganda, frequently used materials 
with a range of sizes were studied to determine if cost relations exist between a dimension (e.g., 
diameter of pipe) or size (e.g., volume, weight). US prices listed online through the construction 
materials website, McMaster-Carr. If a cost relation existed for a material, a single unit cost was 
collected in Uganda and the relationship was used to estimate the remaining sizes. Unit costs for 




Figure C.1: Material unit cost decision tree for supplementary unit cost collection. “Collect All Costs” 
indicates costs to be collected for each size of a material. “Collect One Cost” indicates costs to be collected 
for a single size of material. “Collect No Costs” indicates on additional costs to be collected. “Cost relations” 
were considered for materials with a range of sizes to determine if relationships exist between a dimension 
or size and material price. 
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C.2.1 Rebar and Steel Weld-Mesh Cost Estimation 
 
Steel weld-mesh is comprised of reinforcing bars welded together. The price of the steel 
weld-mesh was estimated as the total cost of reinforcing bars (rebar) required per m2 of steel 
weld-mesh. The cost to weld the bars together was excluded from the estimate. A relationship 
between rebar cost (USD∙ft-1) and rebar volume or mass (mm3∙ft-1) was developed with material 
costs reported by McMaster-Carr through their online supply database [82]. Rebar is priced in 1-
foot, 3-feet, and 6-feet lengths. A linear relationship exists relating rebar volume and price per 
foot (Figure C.2). The trendline intercept was set at (0,0) to force a $0 price for a 0 mm3 rebar 
volume. 
 
Figure C.2: Rebar Unit Cost Relationship [83] 
 
The total length of rebar for 1 m2 of steel weld-mesh was calculated (Equation C.1): 
 
𝐿 = 𝐷 ∙ 𝑥 + 𝑆(𝑥 − 1) 
 
where L represents the side length of the steel weld-mesh (1-m), D represents rebar diameter 
(m), S represents steel weld-mesh spacing (m), and x represents the number of 1-m rebar lengths. 
This equation is used twice to calculate the total number of 1-m rebar lengths required for the 
mesh (Table C.4). 
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6 0.006 10 0.10 20 
6 0.006 20 0.20 10 
8 0.008 14 0.14 14 
8 0.008 17 0.17 12 
8 0.008 20 0.20 10 
10 0.010 20 0.20 10 
12 0.012 10 0.10 18 
12 0.012 13 0.13 14 
12 0.012 14 0.14 14 
12 0.012 17 0.17 12 
12 0.012 20 0.20 10 
16 0.016 13 0.13 14 
16 0.016 14 0.14 14 
16 0.016 17 0.17 12 
 
The unit cost for a single steel weld-mesh size (6-mm diameter and 20-cm x 20-cm 
spacing) was collected in three locations in Uganda (Kampala, Gayaza-Wakiso, and Mukono). 
These unit costs were used to develop location-specific cost relationship equations for estimating 
the unit costs of the remaining steel weld-mesh sizes (Table C.5). It was assumed that a linear 
relationship exists for rebar in Uganda; however, a new slope was calculated based on the 
collected unit costs in Uganda (Brick by Brick, Kampala, Gayaza-Wakiso, and Mukono) (Figure 
C.3). 
Table C.5: Rebar Unit Cost Relationship with Diameter. Where P represents the price of rebar (UGX) and 
V represents rebar volume (mm3). 
Location/Data Source Equation Equation Label 
Kampala, Uganda 𝑃 = 1.43 × 10−5 ∙ 𝑉 (Equation C.2) 
Gayaza-Wakiso, Uganda 𝑃 = 9.02 × 10−6 ∙ 𝑉 (Equation C.3) 
Mukono, Uganda 𝑃 = 8.05 × 10−6 ∙ 𝑉 (Equation C.4) 
Brick by Brick, low cost 𝑃 = 3.96 × 10−6 ∙ 𝑉 (Equation C.5) 
Brick by Brick, expected cost 𝑃 = 4.16 × 10−6 ∙ 𝑉 (Equation C.6) 






Figure C.3: Brick by Brick Steel Weld-Mesh Linear Cost Relationship (a) Low cost; (b) Expected cost; (c) 
High cost 
 
These relationships were used in conjunction with the rebar length requirements to 
estimate the unit cost (UGX∙m-2) of each steel weld-mesh size (Table C.6) as well as specific 


































6 10 8,269 8,686 10,461 29,899 18,753 16,815 
6 20 4,134 4,343 5,231 14,949 9,377 8,407 
8 14 10,290 10,810 13,018 188,802 181,000 179,644 
8 17 8,820 9,265 11,159 161,830 155,143 153,980 
8 20 7,350 7,721 9,299 134,859 129,286 128,317 
10 20 11,484 12,064 14,529 254,768 249,195 248,226 
12 10 29,767 31,271 37,660 674,419 664,388 662,644 
12 13 23,152 24,322 29,291 524,548 516,746 515,390 
12 14 23,152 24,322 29,291 524,548 516,746 515,390 
12 17 19,845 20,847 25,107 449,613 442,926 441,763 
12 20 16,537 17,373 20,922 374,677 369,105 368,135 
16 13 41,160 43,239 52,073 860,294 852,493 851,136 
16 14 41,160 43,239 52,073 860,294 852,493 851,136 
16 17 35,280 37,062 44,634 737,395 730,708 729,545 
 



























6 413 434 523 1,495 938 841 
9 930 977 1,177 19,481 18,924 18,827 
10 1,206 1,206 1,453 25,477 24,920 24,823 
 
C.2.2 Plastic Pipe Cost Estimation 
 
The relationship between plastic pipe cost (USD∙ft-1) and pipe diameter (in) was developed 
with material costs reported by McMaster-Carr through their online supply database (Figure C.4)  
[84]. Plastic pipe is priced in 5-feet lengths. A linear relationship exists relating pipe diameter and 
price per foot (Figure C.4). 
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Figure C.4: Plastic Pipe Unit Cost Relationship [84] 
 
The unit costs were collected for two plastic pipe sizes (1.25-in and 1.5-in diameters) in 
three locations in Uganda (Kampala, Gayaza-Wakiso, and Mukono). These unit costs were used 
to develop revised location-specific cost relationship equations for estimating the unit costs of the 
remaining plastic pipe sizes (Table C.8). It was assumed that a linear relationship exists for plastic 
pipe in Uganda; however, a new slope was calculated based on the collected unit costs in Uganda 
(Brick by Brick, Kampala, Gayaza-Wakiso, and Mukono). 
Table C.8: Plastic Pipe Unit Cost Relationship with Diameter. Where P represents the plastic pipe cost 
per length of pipe (UGX∙m-1) and d represents pipe diameter (mm). 
Location/Data Source Equation Equation Label 
Kampala, Uganda 𝑃 = 77 ∙ 𝑑 (Equation C.8) 
Gayaza-Wakiso, Uganda 𝑃 = 420 ∙ 𝑑 (Equation C.9) 
Mukono, Uganda 𝑃 = 625 ∙ 𝑑 (Equation C.10) 
Brick by Brick, low cost 𝑃 = 127 ∙ 𝑑 (Equation C.11) 
Brick by Brick, expected cost 𝑃 = 127 ∙ 𝑑 (Equation C.12) 
Brick by Brick, high cost 𝑃 = 182 ∙ 𝑑 (Equation C.13) 
 




Table C.9: Plastic Pipe Unit Costs Based on Location-Specific Relationships 
PVC Pipe Diameter 
(mm) 
Kampala Unit Cost 
(UGX∙m-1) 
Gayaza Wakiso Unit 
Cost (UGX∙m-1) 
Mukono Unit Cost 
(UGX∙m-1) 
32 2,461 9,597 20,003 
38.1 8,868 16,003 26,410 
110 84,380 91,516 101,922 
160 136,892 144,028 154,434 
 
C.2.3 Galvanized Iron Pipe Cost Estimation 
 
A relationship between galvanized iron (GI) pipe (USD∙ft-1) and pipe diameter (in) was 
developed with material costs reported by McMaster-Carr through their online supply database 
[85]. GI pipe is priced in 2-feet, 4-feet, and 5-feet lengths. A linear relationship exists relating pipe 
diameter and price per foot (Figure C.5). 
 
Figure C.5: GI Pipe Unit Cost Relationship [85] 
 
The unit cost for a single GI pipe size (0.75-in diameter) was collected in three locations 
in Uganda (Kampala, Gayaza-Wakiso, and Mukono). These unit costs were used to develop 
revised location-specific cost relationship equations for estimating the unit costs of the remaining 
pipe sizes (Table C.10). It was assumed that a linear relationship exists for GI pipe in Uganda; 
however, a new slope was calculated based on the collected unit costs in Uganda (Brick by Brick, 
Kampala, Gayaza-Wakiso, and Mukono). 
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Table C.10: GI Pipe Unit Cost Relationship with Diameter. Where P represents the GI pipe cost per 
length of pipe (UGX∙m-1) and d represents pipe diameter (in). 
Location/Data Source Equation Equation Label 
Kampala, Uganda 𝑃 = 5,468 ∙ 𝑑 (Equation C.14) 
Gayaza-Wakiso, Uganda 𝑃 = 26,666 ∙ 𝑑 (Equation C.15) 
Mukono, Uganda 𝑃 = 66,666 ∙ 𝑑 (Equation C.16) 
Brick by Brick, expected cost 𝑃 = 60,000 ∙ 𝑑 (Equation C.17) 
 
These relationships were used to estimate the unit cost (UGX∙cm-1) of each GI pipe size (Table 
C.11). 
Table C.11: GI Pipe Unit Costs Based on Location-Specific Relationships 
GI Pipe Diameter (in) 
Kampala Unit Cost 
(UGX∙cm-1) 
Gayaza Wakiso Unit 
Cost (UGX∙cm-1) 
Mukono Unit Cost 
(UGX∙cm-1) 
0.75 41 200 500 
1 1,826 1,985 2,285 
2 8,966 9,125 9,425 
3 16,107 16,266 16,566 
4 23,247 23,406 23,706 
 
C.3 Material Unit Cost Data 
C.3.1 Material Unit Costs Estimated by Brick by Brick 
 
Table C.12: Material Unit Costs from Brick by Brick 





Plastic sheeting - m2 70,000 65,000 - 75,000 
Wooden euro pallets - pc 80,000 60,000 - 100,000 
Wooden posts 65cm x 5cm x 5cm pc 15,000 10,000 - 30,000 
Wooden planks 4m x 20cm x 2.5cm pc 20,000 15,000 - 40,000 
Wooden planks 4m x 5cm x 2.5cm pc 18,000 15,000 - 25,000 
Wooden posts 4m x 5cm x 5cm pc 20,000 20,000 - 30,000 
Wooden beams 4m x 10cm x 5cm pc 25,000 20,000 - 30,000 
Plywood sheets 240cm x 120cm x 3mm pc 17,000 15,000 - 20,000 
Nails 6cm galvanized kg 7,000 6,000 - 8,000 
Nails 5cm galvanized kg 7,000 6,000 - 8,000 
Nails 8 cm galvanized kg 7,000 6,000-8,000 
Chicken mesh 
0.5-1.0mm diameter 10-25mm 
mesh opening 
m2 3,000 2,500 - 3,500 
Tying wire 1mm diameter pc 7,000 5,000 - 8,000 
Metallic valve box covers 70cm x 70cm x 2mm m 60,000 50,000 - 80,000 
Coarse sand - m3 50,000 45,000 - 60,000 
Sand - m3 45,000 35,000 - 60,000 
Coarse gravel 6mm - 10mm m3 65,000 55,000 - 80,000 
Coarse gravel 12mm - 25mm m3 60,000 50,000 - 70,000 
Stone - m3 50,000 40,000 - 60,000 
Compacted soil - m3 5,000 3,500 - 7,000 
Compacted hardcore 
sub-base 
- m3 50,000 40,000 - 70,000 
Cement 50kg bags bags 31,000 31,000 - 35,000 
Bricks 20cm x 9cm x 6cm pc 300 150 - 500 
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Table C.12: (Continued) 












tapstand, taps x 6, elbow, pipe pc 200,000 
150,000 - 
250,000 
GI pipe - m 3,500 - 
2” gate valve valve and pipe assemblies pc 100,000 - 
3” gate valve valve and pipe assemblies pc 150,000 - 
2” float valve valve and pipe assemblies pc 60,000 - 
1” GI pipe valve and pipe assemblies cm 60,000 - 
2” GI pipe valve and pipe assemblies cm 120,000 - 
2” GI elbow valve and pipe assemblies pc 19,000 - 
3” GI elbow valve and pipe assemblies pc 30,000 - 
2” GI union valve and pipe assemblies pc 10,000 - 
2” GI socket valve and pipe assemblies pc 6,000 - 
3” GI tee valve and pipe assemblies pc 35,000 - 
1” GI nipple valve and pipe assemblies pc 2,000 - 
3” GI nipple valve and pipe assemblies pc 35,000 - 
3”-1” GI reducer valve and pipe assemblies pc 30,000 - 
 
C.3.2 Material Unit Costs Collected in Three Uganda Locations 
 
Table C.13: Unit Cost Collection Locations in Uganda 
Uganda Location Vendor/Store Name Vendor/Store Address 
Vendor/Store Phone 
Number 
Kampala Buloba Farm Supply - 0772-587-153 
FASE Industries Market Square Road 0752-544-235 or  
0783-989-392 
Gula Wano Embaawo - 0702-700-976 
Hass Petroleum Mulago, Bombo Road - 
Jordan Hardware Opp. Hardware City 0756-936-389 
Kalerwe Market - 0701-836-289 
Keith Associates Ltd P.O. Box 4188 Kampala, 
Uganda 
- 
Mbuya Stone Quarry - - 
Shell Petroleum Kalerwe - 
Waterflow Civil and 
Technical Services 
Nakasero +256-774-625-131 
Gayaza-Wakiso Agribiz Consultative 
Group 
- 0752-756-631 
Elly’s Gayaza Road 0704-200-409 
Hajj and Hajj Furniture 
Centre 
Gayaza Road - 
Hippo Petroleum Gayaza Road  
Kasangati Opp. Mosque Gayaza Road 0774-136-697 
Kefra General Hardware Gayaza Road - 
Kiwanuka Hardware Gayaza Road - 
Mazima Hardware Gayaza Road - 
Obwavu Mpologoma 
Hardware 
Gayaza Road - 
Oryx Energies Gayaza Road - 
Sindani Contractors - 0776-894-482 
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Table C.13: (Continued) 
Uganda Location Vendor/Store Name Vendor/Store Address 
Vendor/Store Phone 
Number 
 Wetuukire Express 
Engineering Workshop 
Gayaza Road - 
Mukono Bukerere Dembe 
Hardware 
Mukono 0772-468-533 
Faith Farmers Services - 0700-234-876 
Hajjat Stores Seeta, Mukono District 0706-544-347 
Jonac Hardware Seeta, Mukono District - 
Kobil Petroleum Seeta Highway - 
Safrisa Hardware Seeta, Mukono District - 
S N Eyesiga Welding 
Workshop 
Mukono - 
Total Petroleum Seeta Highway - 
Wilco Hardware - 0753-609-618 
 
 
Table C.14: Material Unit Costs Collected in Kampala, Uganda 
Material Details/Dimensions Unit Price (UGX) 
Plastic sheeting thin, cover concrete slab during drying 
process 
m2 8,000 
Wooden posts 65cm x 3" x 2" pc 4,000 
Wooden planks 4m x 6" x 2" pc 7,000 
Wooden planks 4m x 4" x 3" pc 6,000 
Wooden posts 4m x 4" x 2" pc 5,000 
Wooden posts 75cm x 2cm x 2cm pc 410 
Wooden posts 80 cm x 2cm x 4cm pc - 
Wooden planks (surface 
spinning template) 
1.6m x 18cm x 2cm 
pc - 
Wooden grab rails and door 
handles 
minimum 50cm length 
pc - 
Chicken mesh 0.5-1.0mm diameter 10-25mm mesh 
opening 
m2 3,333 
Galvanized chicken wire 50mm x 80mm openings, 20 BWG m2 9,000 
High tensile steel weld-mesh 6mm diameter 20cm x 20cm mesh 
spacing 
m2 15,000 
High tensile mild steel rebar 9mm diameter m - 
Steel channel 7.5cm x 3.75cm m 40,000 
Steel plate - m2 80,729 
Galvanized iron sheeting 3m x 0.85m, British guage 28 pc 260,000 
Metallic vault doors 70cm x 70cm x 3mm iron pc - 
Threaded metal bolt M10 x 12cm galvanized pc 12,000 
Iron shuttering rings 10cm x 150cm pc 5,000 
Coarse sand - m3 63,566 
Coarse gravel 6mm - 10mm m3 103,590 
Coarse gravel 12mm - 25mm m3 103,590 





Cement 50kg sacks sacks 33,500 
Hollow blocks - pc 2,800 
Bricks 8cm x 12cm x 25cm pc 220 
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Water tap/faucet - pc 20,000 
3” GI pipe 3" diameter m 4,101 
32mm PVC pipe 32mm diameter m 2,461 
 
Table C.15: Material Unit Costs Collected in Gayaza-Wakiso, Uganda 
Material Details/Dimensions Unit Price (UGX) 
Plastic sheeting thin, cover concrete slab during drying 
process 
m2 6,000 
Wooden posts 65cm x 3" x 2" pc 4,000 
Wooden planks 4m x 6" x 2" pc 8,000 
Wooden planks 4m x 4" x 3" pc 6,000 
Wooden posts 4m x 4" x 2" pc 5,000 
Wooden posts 75cm x 2cm x 2cm pc 547 
Wooden posts 80 cm x 2cm x 4cm pc - 
Wooden planks (surface 
spinning template) 
1.6m x 18cm x 2cm 
pc - 
Wooden grab rails and door 
handles 
minimum 50cm length 
pc 100,000 
Chicken mesh 0.5-1.0mm diameter 10-25mm mesh 
opening 
m2 1,667 
Galvanized chicken wire 50mm x 80mm openings, 20 BWG m2 - 
High tensile steel weld-mesh 6mm diameter 20cm x 20cm mesh 
spacing 
m2 9,418 
High tensile mild steel rebar 9mm diameter m - 
Steel channel 7.5cm x 3.75cm m 38,000 
Steel plate - m2 33,637 
Galvanized iron sheeting 3m x 0.85m, British guage 28 pc 22,500 
Metallic vault doors 70cm x 70cm x 3mm iron pc 280,000 
Threaded metal bolt M10 x 12cm galvanized pc 5,000 
Iron shuttering rings 10cm x 150cm pc 4,000 
Coarse sand - m3 39,729 
Coarse gravel 6mm - 10mm m3 49,441 
Coarse gravel 12mm - 25mm m3 63,566 





Cement 50kg sacks sacks 35,000 
Hollow blocks 17cm x 5cm x 8cm pc 2,800 





Water tap/faucet - pc 10,000 
3” GI pipe 0.75" diameter m 20,000 




Table C.16: Material Unit Costs Collected in Mukono, Uganda 
Material Details/Dimensions Unit Price (UGX) 
Plastic sheeting thin, cover concrete slab during drying 
process 
m2 6,000 
Wooden posts 65cm x 3" x 2" pc 4,000 
Wooden planks 4m x 6" x 2" pc 7,000 
Wooden planks 4m x 4" x 3" pc 7,000 
Wooden posts 4m x 4" x 2" pc 5,000 
Wooden posts 75cm x 2cm x 2cm pc 478 
Wooden posts 80 cm x 2cm x 4cm pc - 
Wooden planks (surface 
spinning template) 
1.6m x 18cm x 2cm 
pc - 
Wooden grab rails and door 
handles 
minimum 50cm length 
pc - 
Chicken mesh 0.5-1.0mm diameter 10-25mm mesh 
opening 
m2 2,500 
Galvanized chicken wire 50mm x 80mm openings, 20 BWG m2 3,000 
High tensile steel weld-mesh 6mm diameter 20cm x 20cm mesh 
spacing 
m2 8,409 
High tensile mild steel rebar 9mm diameter m - 
Steel channel 7.5cm x 3.75cm m 28,333 
Steel plate - m2 92,000 
Galvanized iron sheeting 3m x 0.85m, British guage 28 pc 25,000 
Metallic vault doors 70cm x 70cm x 3mm iron pc 250,000 
Threaded metal bolt M10 x 12cm galvanized pc 1,500 
Iron shuttering rings 10cm x 150cm pc 5,000 
Coarse sand - m3 39,729 
Coarse gravel 6mm - 10mm m3 42,378 
Coarse gravel 12mm - 25mm m3 31,783 





Cement 50kg sacks sacks 35,000 
Hollow blocks 17cm x 5cm x 8cm pc 3,000 





Water tap/faucet - pc 15,000 
3” GI pipe 0.75" diameter m 50,000 




C.3.3 Material Unit Costs Estimated with Alibaba 
 
Table C.17: Material Unit Costs from Alibaba 
Material Details/Dimensions Unit Price (UGX) 
Straight wooden poles 275cm x 08cm diameter, e.g. 
eucalyptus 
pc 200 
Wooden posts 75cm x 2cm x 2cm pc 1,550 
Wooden posts 80 cm x 2cm x 4cm pc 1,550 
Wooden planks (surface 
spinning template) 
1.6m x 18cm x 2cm 
pc 6,400 
Wooden grab rails and door 
handles 
minimum 50cm length 
pc 5,550 
Wooden door (including 
frame) 
0.8m x 2m 
pc 76,420 
Wooden door (including 
frame) 
1.0m x 2m 
pc 76,420 
Galvanized chicken wire 50mm x 80mm openings, 20 BWG m2 6,000 
High tensile steel weld-mesh 12mm diameter 13cm x 13cm m2 30,000 
High tensile steel weld-mesh 12mm diameter 14cm x 14cm m2 30,000 
High tensile steel weld-mesh 12mm diameter 17cm x 17cm m2 30,000 
High tensile steel weld-mesh 12mm diameter 20cm x 20cm m2 30,000 
High tensile steel weld-mesh 16mm diameter 14cm x 14cm m2 43,000 
High tensile steel weld-mesh 16mm diameter 17cm x 17cm m2 43,000 
High tensile mild steel rebar 6mm diameter m 371 
High tensile mild steel rebar 9mm diameter m 754 
Rebar 10mm diameter m 914 
Mild steel reinforcement bars 8mm diameter 4m length pc 2,440 
Mild steel reinforcement 
stirrups 
06mm diameter 14cm x 12cm 
pc 950 
Steel channel 7.5cm x 3.75cm m 37,300 
Threaded metal bolt M10 x 12cm galvanized pc 18,200 
Threaded metal bolt M10 x 17cm galvanized pc 18,200 
Iron shuttering rings 10cm x 150cm pc 2,750 
3” GI pipe 3” diameter cm 242 
PVC elbow 32 mm diameter pc 9,170 
PVC pipe 32 mm diameter PVC m 110,000 
PVC pipe 160mm diameter x 20cm length pc 2,180 
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C.3.4 Compiled Material Unit Costs and Uncertainty Used in Model 
 
Material unit costs were assumed to each be uniformly distributed (Table C.17). Low and high prices were based on location 
specific unit costs collected in Uganda and online through Alibaba. 
 
Table C.18: Compiled Material Unit Costs and Uncertainty Ranges 







Plastic sheeting - m2 6,000 8,000 Uniform 
Wooden posts 65cm x 5cm x 5cm pc 4,000 30,000 Uniform 
Wooden planks 4m x 20cm x 2.5cm pc 7,000 40,000 Uniform 
Wooden posts 4m x 5cm x 2.5cm pc 6,000 25,000 Uniform 
Wooden posts 4m x 5cm x 5cm pc 5,000 30,000 Uniform 
Wooden posts 75cm x 2cm x 2cm pc 410 547 Uniform 
Wooden posts 80 cm x 2cm x 4cm pc 182 2,911 Uniform 
Wooden planks (surface spinning 
template) 
1.6m x 18cm x 2cm pc 5,450 7,336 Uniform 
Plywood sheets 240cm x 120cm x 3mm pc 15,000 20,000 Uniform 
Wooden grab rails and door handles minimum 50cm length pc 5,450 100,000 Uniform 
Nails 6cm galvanized kg 6,000 8,000 Uniform 
Nails 5cm galvanized kg 6,000 8,000 Uniform 
Nails 8cm galvanized kg 6,000 8,000 Uniform 
Nails 10cm galvanized kg 10,000 15,000 Uniform 
Domed head nails 4cm galvanized kg 7,000 10,000 Uniform 
Chicken mesh 
0.5-1.0mm diameter 10-25mm mesh 
opening 
m2 1,667 3,500 Uniform 
Galvanized chicken wire 50mm x 80mm openings, 20 BWG m2 1,833 9,000 Uniform 
Steel weld-mesh 06mm diameter 10cm x 10cm m2 16,818 30,000 Uniform 
High tensile steel weld mesh 6mm x 20cm x 20cm m2 6,000 37,333 Uniform 
High tensile steel weld mesh 8mm x 14cm x 14cm m2 7,000 32,000 Uniform 
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High tensile steel weld mesh 8mm x 17cm x 17cm m2 7,000 26,667 Uniform 
High tensile steel weld mesh 10mm x 20cm x 20cm m2 19,000 41,667 Uniform 
High tensile steel weld mesh 12mm x 10cm x 10cm m2 30,000 108,000 Uniform 
High tensile steel weld mesh 12mm x 13cm x 13cm m2 23,152 84,000 Uniform 
High tensile steel weld mesh 12mm x 14cm x 14cm m2 23,152 84,000 Uniform 
High tensile steel weld mesh 12mm x 17cm x 17cm m2 19,845 72,000 Uniform 
High tensile steel weld mesh 12mm x 20cm x 20cm m2 16,537 60,000 Uniform 
High tensile steel weld mesh 16mm x 13cm x 13cm m2 40,000 149,333 Uniform 
High tensile steel weld mesh 16mm x 14cm x 14cm m2 41,160 149,333 Uniform 
High tensile steel weld mesh 16mm x 17cm x 17cm m2 35,280 128,000 Uniform 
High tensile mild steel rebar 6mm diameter m 278 1,500 Uniform 
High tensile mild steel rebar 9mm diameter m 565 3,375 Uniform 
Rebar 10mm diameter m 685 4,167 Uniform 
Tying wire 1mm diameter kg 5,000 8,000 Uniform 
Metallic valve box covers 70cm x 70cm x 2mm pc 50,000 80,000 Uniform 
Steel channel 7.5cm x 3.5cm m 28,333 40,000 Uniform 
Steel plate - m2 33,637 92,000 Uniform 
Galvanized iron sheeting 3m x 0.85m, British gauge 28 pc 22,500 25,000 Uniform 
Metallic door bolt 4cm galvanized pc 5,000 8,000 Uniform 
Metallic door hinge 4cm x 8cm x 2mm galvanized pc 12,000 20,000 Uniform 
Metallic padlock 4 sets of keys pc 28,000 35,000 Uniform 
Metallic vault doors 70cm x 70cm x 3mm iron pc 50,000 100,000 Uniform 
Threaded metal bolt M10 x 12cm galvanized pc 1,500 12,000 Uniform 
Iron shuttering rings 10cm x 150cm pc 4,000 5,000 Uniform 
Coarse sand - m3 39,729 116,538 Uniform 
Sand - m3 35,000 60,000 Uniform 
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Coarse gravel 6mm - 10mm m3 42,378 103,590 Uniform 
Coarse gravel 12mm - 25mm m3 31,783 103,590 Uniform 
Stone - m3 27,810 116,538 Uniform 
Compacted hardcore sub-base - m3 28,252 70,000 Uniform 
Cement 50kg sacks sack 31,000 35,000 Uniform 
Hollow blocks - pc 2,800 4,000 Uniform 
Bricks 20cm x 9cm x 6cm pc 150 500 Uniform 
Bricks 8cm x 12cm x 25cm pc 150 500 Uniform 
Complete handpump assembly - pc 1,350,000 3,500,000 Uniform 
Complete tapstand assembly Tapstand, 6 taps, elbow, pipe pc 150,000 455,667 Uniform 
2” gate valve Valve and pipe assemblies pc 90,000 110,000 Uniform 
3” gate valve Valve and pipe assemblies pc 13,500 16,500 Uniform 
2” float valve Valve and pipe assemblies pc 54,000 66,000 Uniform 
1” GI pipe Valve and pipe assemblies cm 267 650 Uniform 
2” GI pipe Valve and pipe assemblies cm 533 1,333 Uniform 
3” GI pipe Valve and pipe assemblies cm 800 2,000 Uniform 
2” GI elbow Valve and pipe assemblies pc 17,100 20,900 Uniform 
3” GI elbow Valve and pipe assemblies pc 27,000 33,000 Uniform 
2” GI union Valve and pipe assemblies pc 9,000 11,000 Uniform 
2” GI socket Valve and pipe assemblies pc 5,400 6,600 Uniform 
3” GI tee Valve and pipe assemblies pc 31,500 38,500 Uniform 
1” GI nipple Valve and pipe assemblies pc 1,800 2,200 Uniform 
3” GI nipple Valve and pipe assemblies pc 31,500 38,500 Uniform 
3” - 1" GI reducer Valve and pipe assemblies pc 27,000 33,000 Uniform 
Urine diversion pipe assembly - pc 4,922 40,000 Uniform 
Drop hole shuttering 160mm PVC x 20cm pc 4,073 21,149 Uniform 
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Vent pipes 110mm PVC x 250cm pc 87,500 254,805 Uniform 
mirror 80cm x 60cm pc 75,000 90,000 Uniform 
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APPENDIX D: CONSTRUCTION LABOR COSTS OF WASH TECHNOLOGIES 
D.1 Construction Labor and Duration SurveyMonkey 
 Construction labor and duration requirements for each technology were estimated through 
local correspondence of UNHCR and NGO WASH representatives. A survey in the 
SurveyMonkey platform was used to determine total labor hours, labor breakdown, and wages. 
UNHCR construction steps and images were used throughout the survey to help describe the 
construction processes [69].  
 
START OF CONSTRUCTION SURVEY 
 
Uganda Study – Intervention Construction Survey 
Point of Contact: Hannah Lohman, hlohman2@illinois.edu 
 
PART 1: NGO/CONTRACTOR COMPANY INFORMATION 
 


























PART 3: CONSTRUCTION LABOR WAGE AND DURATION 
  
List of Technologies: 
1. Tapstand (D-301) 2.  Handpump apron (D-302) 
3. Hand dug well apron 
(D-303) 
   
      
4. Concrete square water 
tank (D-312) 
5. Concrete and brick circular 
water tank (D-315) 
6. Ferrocement circular water 
tank (D-320) 
   
      
7. Concrete domed latrine 
slab (D-402) 
8. Household toilet and 
bathing unit (D-403) 
9. Pour flush toilet with 
bathing unit and septic tank 
(D-404) 
   
      
10. Urine diverting dry toilet 
(D-406) 
11. Pour flush toilet (Sa To 










1. Tapstand; 2. Handpump apron ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 Total material cost (UGX)  
 
Step 1: Clear and level 
site (18 m2) 
 
Step 2: Place corner 
posts 
 
Step 3: Excavate (1.6 m3) 
 
 
Step 4: Excavate (4.0 m3) 
 
 
Step 5: Place wooden 
formwork & line with stone 
 
Step 6: Place tap & 
pour concrete (0.5 m3) 
 
Step 7: Place high tensile 
weld mesh 
 
Step 8: Pour concrete 
(1.1 m3) 
 
Step 9: Slope slab 
 


























3. Hand dug well apron ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 Total material cost (UGX)  
 
Step 1: Clear and level site 
(32 m2) and mark out posts
 
Step 2: Excavate 
(1.7 m3) 
 




Step 4: Place wooden 
formwork & line with stone 
 
 
Step 5: Pour concrete 
(0.7 m3) 
 
Step 6: Place high 
tensile weld mesh 
 
 
Step 7: Pour concrete 
(2.2 m3) and slope 
 
 
Step 8: Cover for 7 days 
 
 
Step 9: Install wooden 
formwork and anchor 
 
 








Step 12: Install 
handpump base, rinsing 














4. Concrete square water tank ❑ Cannot estimate for this intervention 
 
 10 m3 tank 30 m3 tank 50 m3 tank 
Estimated total man-hours (hours)    
% man-hours are day laborer (%)    
% man-hours are construction worker (%)    
% man-hours are specialized skills (%)    
Total material cost (UGX)    
 
Step 1: Clear and level site 
(36 m2) and mark posts 
 
Step 2: Excavate 
(12.8 m3) 
 
Step 3: Line with crushed 
stone and position pipes 
 
 
Step 4: Position valve 
assemblies and block pipe 
 




Step 6: Blind foundation 
with sand and place 
tensile steel weld mesh 
 
Step 7: Prepare 4 tensile 
steel weld mesh panels 
 
 








Step 10: Prepare interior 
and exterior wooden 
shuttering panels 
 
Step 11: Pour concrete 
walls (3.4 m3)  
 
 




Step 13: Install steel weld 
mesh and wood formwork 
 
 








Step 16: Remove 
formwork, plaster internal 











5. Brick and concrete circular water tank ❑ Cannot estimate for this intervention 
 
 10 m3 tank 30 m3 tank 50 m3 tank 
Estimated total man-hours (hours)    
% man-hours are day laborer (%)    
% man-hours are construction worker (%)    
% man-hours are specialized skills (%)    
Total material cost (UGX)    
 
Step 1: Clear/level site (36 
m2), mark radii, place posts 
 
Step 2: Excavate 
(10 m3) 
 




Step 4: Install wooden 
formwork, line with stone 
 
Step 5: Position delivery 
and drain pipes 
 
 








Step 8: Blind with sand, 
cover with plastic, place 
tensile steel mesh 
 
Step 9: Install tensile steel 
weld mesh panels 
 
 
Step 10: Pour concrete 
(4.6 m3) 
 
Step 11: Cover for 7 days  
 
 
Step 12: Prepare brick 
masonry wall shuttering 
 
Step 13: Pour concrete 
walls (3.4 m3) 
 
 
Step 14: Prepare roof 
shuttering support 
 
Step 15: Install roof weld 
mesh and shuttering 
 
Step 16: Pour concrete 
roof slab (2.8 m3) 
 




Step 18: Remove 
shuttering, plaster interior 
and exterior surfaces 
 






6. Ferrocement circular water tank ❑ Cannot estimate for this intervention 
 
 45 m3 tank 75 m3 tank 90 m3 tank 
Estimated total man-hours (hours)    
% man-hours are day laborer (%)    
% man-hours are construction worker (%)    
% man-hours are specialized skills (%)    
Total material cost (UGX)    
 
Step 1: Clear and level site 
 
Step 2: Prepare 
foundation 
 




Step 4: Prepare and lay 
base slab reinforcement 
 




Step 6: Erect vertical 
reinforcement and 
stiffeners for wall  
 








Step 9: Plaster wall 
 
 
Step 10: Prepare roof 
shallow truss 
 








Step 13: Finish surface 
 



















7. Household domed slab ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 Total material cost (UGX)  
 
Step 1: Place shutter and 
forming assembly level on 
ground 
 
Step 2: Add damp 
coarse sand and spin 
template 
 
Step 3: Add cement 









Step 5: Cover and keep 
out of direct sunlight for at 
least 10 days 
  










8. Household toilet and bathing unit ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 Total material cost (UGX)  
 
Step 1:  
 
Step 2:  
 
Step 3:  
 
Step 4:  
 
Step 5:  
  










9. Household pour flush toilet and bathing unit ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  










10. Urine diverting dry toilet ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 Total material cost (UGX)  
 
Step 1:  
 
Step 2:  
 
Step 3:  
 
Step 4:  
 
Step 5:  
  









































11. Household pour flush toilet (Sa To Pan) 
and bathing unit 
❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 Total material cost (UGX)  
 
Step 1:  
 
Step 2:  
 
Step 3:  
 
Step 4:  
 
Step 5:  
  

















12. Borehole (fractured rock aquifer) ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  







13. Borehole (alluvial aquifer) ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  







14. Reinforced concrete elevated water tower ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 
Estimated material costs (UGX) 
Tower + 20 m3 tank: UGX 
Tower + 25 m3 tank: UGX 
Tower + 50 m3 tank: UGX 
Tower + 60 m3 tank: UGX 





15. Steel elevated water tower ❑ Cannot estimate for this intervention 
 
Estimated total man-hours (hours)  % man-hours are construction worker (%)  
% man-hours are day laborer (%)  % man-hours are specialized skills (%)  
 
Estimated material costs (UGX) 





Q.8 Day laborer wage per hour in UGX (specify other pay duration if not per hour) 
UGX per hour 
 
Q.9 Construction worker wage per hour in UGX (specify other pay duration if not per hour) 
UGX per hour 
 
Q.10 Skilled worker wage per hour in UGX (specify other pay duration if not per hour) 
UGX per hour 
 
Q.11 Estimation process for operation and maintenance costs (e.g., percentage of total cost, 
specify percentage used) 
 
 
END OF CONSTRUCTION SURVEY 
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D.2 Construction Labor Requirements Used in Model 
 Representatives from Catholic Relief Services and Brick by Brick Construction Company 
Limited provided insight through the construction survey. These were compiled and used in the 
costing model (Table D.1). The construction labor and duration requirements outside of the 
expertise of the WASH representatives were excluded from the model and will be incorporated 
once more location-specific details surrounding construction are collected on the May 2018 
research trip to Uganda.  










D-301 Concrete tapstand 48 0.33 0.33 0.34 
D-302 Concrete handpump apron 48 0.33 0.33 0.34 
D-303 
Hand-dug concrete well 
apron 
96 0.33 0.25 0.42 
D-312 
Concrete square water 
reservoir 
120 0.67 0.06 0.27 
D-313 
Concrete square water 
reservoir 
120 0.67 0.06 0.27 
D-314 
Concrete square water 
reservoir 
120 0.67 0.06 0.27 
D-315 
Brick and concrete circular 
water reservoir 
- - - - 
D-316 
Brick and concrete circular 
water reservoir 
- - - - 
D-317 
Brick and concrete circular 
water reservoir 
- - - - 
D-318 
Ferrocement circular water 
reservoir 
- - - - 
D-319 
Ferrocement circular water 
reservoir 
- - - - 
D-320 
Ferrocement circular water 
reservoir 
- - - - 
D-402 Household domed slab - - - - 
D-403 
Household toilet and 
bathing unit 
- - - - 
D-406 Urine diverting dry toilet - - - - 
D-409 
Household pour flush toilet 
(Sa To Pan) and bathing 
unit 




APPENDIX E: OPERATION & MAINTENANCE OF WASH TECHNOLOGIES 
E.1 Operation and Maintenance Cost Assumptions 
 Assumptions were made for the life span of capital items, time until capital maintenance, 
capital maintenance costs, and operating costs to determine the total operation and maintenance 
costs over the system lifetime (Table E.1). 
Table E.1: Operation and Maintenance Cost Assumptions 
ID Service 













(as % of 
initial capital) 
Water Delivery 













20 10 30% 5% 





20 5 30% 5% 
D-315 – 
D-317 
Brick and concrete 
circular water 
reservoir 











8 4 30% 5% 
D-403 
Household toilet and 
bathing unit 
8 4 30% 5% 
D-404 
Household pour 
flush toilet and 
bathing unit 
8 4 30% 5% 
D-406 
Urine diverting dry 
toilet 
8 4 30% 5% 
D-409 
Household pour 
flush toilet (Sa To 
Pan) and bathing 
unit 




E.2 Operation Cost Calculations Over 20-Year Project Comparison Lifetime 
 
The equation for a uniform series of n payments of amount A each period (Equation E.1) 
was used to calculate the total operation costs required for each technology [71]. 
 
𝑃 = 𝐴 [




where P represents the present worth of total operation costs over the comparison lifetime, A 
represents the annual operation cost payment, i represents the interest rate (e.g., 0.05), and n 
represents the project comparison lifetime or number of payment periods (e.g., 20 years). 
E.3 Maintenance Cost Calculations Over 20-Year Project Comparison Lifetime 
The equation for a single payment present worth formula for a future payment in n years 
(Equation E.2) was used to calculate the maintenance costs required for each technology [71]. 
𝑃 = 𝐹(1 + 𝑖)−𝑛 
 
where P represents the present worth of total maintenance costs (USD), F represents the 
maintenance amount paid in the future (USD), i represents the interest rate (e.g., 0.05), and n 




APPENDIX F: RESOURCE RECOVERY COST OFFSETS THROUGH UDDTS 
Resource recovery calculations and cost offsets of UDDTs were calculated based on the 
equations published by Trimmer et al., 2017. 
F.1 Estimating Per Capita Recovery from Sanitation 
 The potential recovery of nitrogen is calculated based on the total protein intake, nitrogen 
content in protein, food waste, nitrogen excreted, and nitrogen recovered (Equation F.1). It was 
assumed that there is no food waste (losscons = 0) since refugees are provided limited food rations. 
 
𝑁𝑐𝑎𝑝 = (𝑝𝑡𝑜𝑡)(𝑁𝑝𝑟𝑜𝑡)(100%− 𝑙𝑜𝑠𝑠𝑐𝑜𝑛𝑠)(𝑁𝑒𝑥𝑐)(𝑁𝑟𝑒𝑐) 
 
where Ncap, represents the potential recovery of nitrogen per capita (kg Nꞏcap-1∙yr-1); ptot 
represents annual total protein supply to a refugee (kg∙cap-1∙yr-1); Nprot represents the fraction of 
nitrogen contained in total protein; losscons represents the percent of food supply wasted due to 
consumption losses at the household level; Nexc represents the nitrogen excretion factor (nitrogen 
excreted in urine and feces per intake); and Nrec represents the nitrogen recovery efficiency factor 
(Table F.1).  
 Likewise, the potential recovery of phosphorus is calculated based on the animal and 
vegetal protein intake and the phosphorus content in each, respectively (Equation F.2).  
 
𝑃𝑐𝑎𝑝 = 2.29[(𝑃𝑝𝑟𝑜𝑡,𝑣)𝑝𝑣𝑒𝑔 + (𝑃𝑝𝑟𝑜𝑡,𝑎)𝑝𝑎𝑛𝑖𝑚](100%− 𝑙𝑜𝑠𝑠𝑐𝑜𝑛𝑠)(𝑃𝑒𝑥𝑐)(𝑃𝑟𝑒𝑐) 
where Pcap represents the potential recovery of phosphorus per capita (kg P2O5∙cap-1∙yr-1); Pprot,v 
and Pprot,a represent the fractions of phosphorus contained in vegetal and animal protein, 
respectively; pveg and panim represent a settlement’s vegetal and animal protein supplies, 
respectively (kg∙cap-1∙yr-1); Pexc represents the phosphorus excretion factor (phosphorus excreted 
in urine and feces per intake); and Prec represents the phosphorus recovery efficiency factor. The 
phosphorus term was multiplied by 2.29 to convert from kg P to kg P2O5 (Table F.1). 
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Finally, the potential recovery of potassium is calculated based on the total caloric intake 
and the potassium content relative to caloric intake (Equation F.3). 
 
𝐾𝑐𝑎𝑝 = 1.2(𝑒𝑐𝑎𝑙)(𝐾𝑐𝑎𝑙)(100%− 𝑙𝑜𝑠𝑠𝑐𝑜𝑛𝑠)(𝐾𝑒𝑥𝑐)(𝐾𝑟𝑒𝑐) 
where Kcap represents the potential recovery of potassium per capita (kg K2O∙cap-1∙yr-1); ecal 
represents the annual caloric supply (kcal∙cap-1ꞏyr-1); Kcal represents the potassium content 
relative to caloric intake (kg K∙kcal-1); Kexc represents the potassium excretion factor (potassium 
excreted in urine and feces per intake); Krec represents the potassium recovery efficiency factor. 
The potassium term was multiplied by 1.2 to convert from kg K to kg K2O (Table F.1). 
Table F.1: Resource recovery parameter values and uncertainty ranges. 




ecal kcal∙cap-1ꞏday-1 2169 - - [17] 
ptot kg∙cap-1∙yr-1 64 - - [17] 
pveg kg∙cap-1∙yr-1 64 - - [17] 
panim kg∙cap-1∙yr-1 0 - - [17] 
Nprot % 13% 13-19% uniform [21] 
Nexc % 100% 99-100% uniform [21] 
Nrec % of input 84% 71-95% triangular [21] 
Pprot,v % 2.2% 0.4-4.8% triangular [21] 
Pprot,a % 1.1% 0.2-3.2% triangular [21] 
Pexc % 100% 99-100% uniform [21] 
Prec % of input 98% 95-100% triangular [21] 
Kcal kg K∙kcal-1 1.2% 1.1-1.5% uniform [21] 
Kexc % 88% 65-98% uniform [21] 
Krec % of input 98% 95-100% triangular [21] 
losscons % 0 - - assumption 
 
 
F.2 Estimating Value of Nutrients 
Nutrient unit costs (UGX∙kg-1) were determined based on locally collected nitrogen, 
phosphorus, and potassium fertilizer costs. Unit costs were collected in three locations (Kampala, 
Mukono, and Gayaza-Wakiso) of fertilizers typically used and readily available in Uganda (Table 
F.2). It was assumed that a uniform distribution could be applied to all fertilizer unit costs. Urea, 




Table F.2: Fertilizer Unit Costs and Uncertainty Ranges 












50 kg bag bag 95,000 150,000 Uniform 









50 kg bag bag 110,000 140,000 Uniform 




of potash, MOP) 
50 kg bag bag 110,000 112,000 Uniform 
Compound Fertilizers 
NPK 17:17:17, 50 kg bag bag 115,000 180,000 Uniform 
 
 
F.3 Calculating Total Annual Value of Nutrient Recovery 
 The total annual value of nutrient recovery was calculated based on the estimated nutrient 
recovery and nutrient unit costs. The total value was determined over the lifetime of a UDDT to 
determine the potential cost offsets over time. 
